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T h i s  document p r e s e n t s  the  r e s u l t s  o f  a comprehensive s tudy  o f  man's 
s e l f - l o c o m o t i v e  c a p a b i l i t i e s  i n  s i m u l a t e d  l u n a r  g r a v i t y .  An i n c l  ined-p lane and 
a g i m b a l - v e r t i c a l  s i m u l a t o r  equipped w i t h  t r e a d m i l l s  were used t o  s i m u l a t e  
l u n a r  g r a v i t y .  Man's l ocomot i ve  c h a r a c t e r i s t i c s  and the  m e t a b o l i c  c o s t s  o f  
wa lk ing ,  running,  and l o p i n g  a t  v e l o c i t i e s  f rom 2 t o  12.8 km/hr were de termined 
f o r  s u b j e c t s  i n  p r e s s u r i z e d  Gemini-4C s u i t s .  The r e s u l t s  showed t h a t  t h e  energy 
c o s t  o f  locomot ion  i n  s i m u l a t e d  l u n a r  g r a v i t y  i s  c o n s i d e r a b l y  l e s s  than t h a t  
i n  e a r t h  g r a v i t y .  Ascending grades caused l a r g e  inc reases  i n  m e t a b o l i c  c o s t  
ove r  t h a t  o f  l e v e l  w a l k i n g  where t h e  magni tude o f  t h e  c o s t  depends on the  
s i m u l a t i o n  techn ique  used. I n c r e a s i n g  the  l o a d  c a r r i e d  f rom 75 t o  400 e a r t h -  
pounds had a smal l  and i n c o n s i s t e n t  e f f e c t  on m e t a b o l i c  cos ts .  Changing 
the  smooth, ha rd  w a l k i n g  s u r f a c e  t o  sandy s o i l  caused a l a r g e  i nc rease  i n  the  
m e t a b o l i c  c o s t  a t  t he  h i g h e r  locomot ion  r a t e s .  
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PREFACE 
This research on man’s capabi l i ty  f o r  self-locomotion on 
the  moon is  p a r t  of t he  Human Factors  Systems Program, Walton 
L. Jones, M.D., Director.  
inves t iga tors  describe a comprehensive data  gathering study 
t o  provide predic t ive  information on the a b i l i t y  of man t o  
walk on l e v e l  and sloped t e r r a i n ,  u t i l i z i n g  a one-sixth gra- 
v i t y  simulator. This study i s  included i n  the  Man-Systems 
In tegra t ion  research program. 
technica l  monitorship of M r .  W i l l i a m  Letko, Langley Research 
Center. 
In  t h i s  contractor  repor t ,  the  
It was performed under t h e  
v i i  
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SECTION I 
I NT RODUCT I ON 
T h i s  r e p o r t  summarizes t h e  r e s u l t s ,  methods, procedures,  and appara tus  
of an e x t e n s i v e  s tudy  t o  eva luace  man's c a p a b i l i t y  for s e l f - l o c o m o t i o n  on  
t h e  s u r f a c e  o f  t h e  moon which i s  r e p o r t e d  i n  f u l l  i n  NASA CR-1402. T h i s  
program was conducted  f o r  t h e  Lang ley  Research Center o f  t h e  N a t i o n a l  Aero-  
n a u t i c s  and Space A d m i n i s t r a t i o n  under Con t rac t  NAS 1-7053. 
The o b j e c t i v e s  o f  t h i s  program were t o  i n v e s t i g a t e  s y s t e m a t i c a l l y  t h e  
e f f e c t s  of space s u i t s ,  pack we igh ts ,  s l o p e  grades, l u n a r  s u r f a c e  c o n d i t i o n s ,  
g a i t s  used for  locomotion, v e l o c i t y  o f  t r a v e r s e ,  and methods o f  s i m u l a t i n g  
l u n a r  g r a v i t y  on s e l f - l o c o m o t i v e  performance. The e f f e c t s  o f  t hese  indepen- 
dent  v a r i a b l e s  were p r i m a r i l y  e v a l u a t e d  by p h y s i o l o g i c a l  and k i n e m a t i c  
measurements. 
P r i o r  i n v e s t i g a t i o n  a t  Lang ley  Research Center on t h e  e f f e c t s  o f  l u n a r  
g r a v i t y  on  a w ide  range o f  a c t i v i t i e s  had i n d i c a t e d  t h a t  wa lk ing ,  runn ing ,  
c l i m b i n g ,  and o t h e r  a c t i v i t i e s  on  t h e  l u n a r  s u r f a c e  wou ld  be s u b s t a n t i a l l y  
improved ove r  t h a t  t o  wh ich  we a r e  accustomed on E a r t h .  (References  I ,  2, 
and 3 ) .  The l u n a r  g r a v i t y  c o n d i t i o n s  have i n d i c a t e d  a h i g h  p r o b a b i l i t y  o f  
a co r respond ing  s u b s t a n t i a l  decrease i n  t h e  m e t a b o l i c  c o s t  o f  w a l k i n g  com- 
pared t o  r a t e s  f o r  E a r t h  g r a v i t y  c o n d i t i o n s  (References 4 ,  5, and 6) 
The amount o f  r e s e a r c h  conducted on energy l e v e l s  p r i o r  t o  t h e  program 
r e p o r t e d  i n  t h i s  document has been q u i t e  l i m i t e d ,  and t h e  l e v e l  o f  c o n f i d e n c e  
f o r  g e n e r a l i z a t i o n  t o  t h e  a c t u a l  l u n a r  s u r f a c e  has been u n c e r t a i n .  Among t h e  
reasons f o r  t h i s  were t h e  u n c e r t a i n t y  about t h e  adequacy o f  t h e  v a r i o u s  
s i m u l a t i o n  techn iques ,  t h e  l a c k  o f  d a t a  w i t h  space s u i t s ,  and t h e  u n c e r t a i n t y  
c o n c e r n i n g  l u n a r  s u r f a c e  c o n d i t i o n s .  The p r i m a r y  reason, however, f o r  t h e  
l a c k  o f  s u f f i c i e n t  con f idence  f o r  p r e d i c t i v e  purposes has s i m p l y  been t h e  
p a u c i t y  o f  da ta .  The program summarized i n  t h i s  r e p o r t  r e p r e s e n t s  a major  
s t e p  toward  c o r r e c t i n g  these  d e f i c i e n c i e s .  
The t e s t  c o n d i t i o n s  fo r  t h e  exper imen ts  conducted i n  t h i s  program a r e  
p r e s e n t e d  i n  T a b l e  I .  The t a b l e  l i s t s  a l l  t h e  independent v a r i a b l e s  t e s t e d ,  
i n c l u d i n g  s u b j e c t s ,  s i m u l a t o r s ,  l ocomot ion  v e l o c i t i e s ,  l ocomot ion  g a i t s ,  
w a l k i n g  s u r f a c e  c h a r a c t e r i s t i c s ,  t h e  w e i g h t s  o f  packs c a r r i e d ,  t h e  i n c l i n a t i o n  
. 
S i m u l a t o r  
and s u i t  r o d e  
T A B L E  I 
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o f  t h e  s l o p e  t rave rsed ,  and s u i t i n g .  The exper imen ta l  program t e s t e d  t h e  
e f f e c t s  o f  t hese  independent v a r i a b l e s  on dependent v a r i a b l e s  such as m e t a b o l i c  
r a t e ,  t o t a l  energy e x p e n d i t u r e ,  h e a r t  r a t e ,  r e s p i r a t o r y  r a t e ,  and k i n e m a t i c  
c h a r a c t e r i s t i c s  o f  g a i t .  The comb ina t ions  o f  exper imen ta l  c o n d i t i o n s  s e l e c t e d  
f o r  t e s t i n g  r e s u l t e d  i n  a program o f  836 t e s t s .  I n  a d d i t i o n ,  t r a i n i n g  and 
b a s e l i n e  t e s t i n g  were conducted under t h i s  program on t h e  i n c l i n e d  walkway a t  
Lang ley  Research Center .  
A s e r i e s  o f  s t a t i s t i c a l  t r e a t m e n t s  were made on t h e  d a t a  c o l l e c t e d  
(dependent v a r i a b l e s )  t o  d e f i n e  more p r e c i s e l y  t h e  e f f e c t s  o f  t h e  independent 
v a r i a b l e s .  These s t a t i s t i c a l  c a l c u l a t i o n s  i n c l u d e d  b o t h  d e s c r i p t i v e  and 
i n f e r e n t i a l  t echn iques .  The d e s c r i p t i v e  techn iques  were l i m i t e d  t o  t h e  
de te rm ina t  i o n  o f  t h e  mean (average)  v a l u e  and t h e  s tandard .  d e v i a t i o n  o f  grouped 
da ta .  The i n f e r e n t i a l  s t a t i s t i c a l  t echn iques  were p r i m a r i l y  t h e  p roduc t  moment 
c o e f f i c i e n t  of c o r r e l a t i o n  and a n a l y s i s  o f  v a r i a n c e .  
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SECTION 2 
FACILITIES AND APPARATUS 
GENERAL FACILITIES 
The f a c i l i t i e s  and appara tus  used i n  t h i s  program can be c a t e g o r i z e d  i n t o  
s i m u l a t o r s ,  t r e a d m i l l  systems, l u n a r  s u r f a c e  s i m u l a t o r s ,  p ressu re  s u i t s ,  phys- 
i o l o g i c a l  and m e t a b o l i c  apparatus,  and m isce l l aneous  equipment such as d i g i t a l  
d a t a  systems, we igh ing  equipment, and env i ronmen ta l  c o n t r o l  systems. 
Most o f  t h e  t e s t s  conducted i n  t h i s  program were per fo rmed a t  an ou tdoor  
f a c i l i t y  e s p e c i a l l y  des igned f o r  t h i s  purpose. The genera l  l a y o u t  o f  t h e  
f a c i l i t i e s  used i n  t h i s  program i s  d e p i c t e d  by a photograph o f  t h e  p r i m a r y  
t e s t  area, F i g u r e  I .  
LUNAR GRAVITY SIMULATORS 
The s i m u l a t o r s  used i n  t h i s  program were e x t e n s i o n s  o f  t echn iques  d e v e l -  
oped d u r i n g  p r e v i o u s  programs. The i n c l i n e d - p l a n e  s i m u l a t o r  was b u i l t  f r om 
t h e  da ta  and des ign  p r o v i d e d  by Hewes and Spady and r e p o r t e d  i n  NASA TND-2176 
(Reference 7 )  w i t h  m o d i f i c a t i o n s  i n  t h e  method o f  h o l d i n g  t h e  s u b j e c t s  due 
t o  t h e  c o n s t r a i n t s  o f  t h e  p ressu re  s u i t s  and backpacks used i n  t h i  program. 
The v e r t i c a l  suspens ion  (TOSS, t u r b i n e - o p e r a t e d  suspension system) i s  d e s c r i b e d  
, i n  subsequent paragraphs .  
I n c l i n e d - P l a n e  S i m u l a t o r  
The i n c l i n e d - p l a n e  s i m u l a t o r  c o n s i s t s  o f  a t r e a d m i l l ,  a suspens ion  
system, and a tower f o r  t h e  suspens ion  system. The t r e a d m i l l  was i n s t a l l e d  
p l a n e  i s  9 - 1 / 2  deg f r o m  v e r t i c a l  w i t h  r e s p e c t  t o  t h e  p o i n t  o f  suspens ion .  
t h e  i n c l i n e d - p l a n e  s i m u l a t o r .  T h i s  s t r u c t u r e ,  a m o d i f i e d  o i l  d e r r i c k ,  p r o -  
v i d e s  t w i c e  t h e  minimum e l e v a t i o n  s p e c i f i e d  under t h e  c o n t r a c t .  The suspens- 
t h e  s u b j e c t  and a t  t h e  o t h e r  end t o  a t r o l l e y  on t h e  4 0 - f t - l o n g  h o r i z o n t a l  
beam 1 3 6 - f t  f r om t h e  base o f  t h e  tower .  The backpack, gas meter and a s s o c i a t e d  
harnesses r e q u i r e d  t o  suspend t h e  s u b j e c t  a r e  shown i n  F i g u r e  2 .  Suspension 
o f  t h e  s u b j e c t  v e r t i c a l  t o  t h e  9 - 1 / 2  deg t r e a d m i l l  s u r f a c e  r e s u l t s  i n  an 
e f f e c t i v e  a c c e l e r a t i o n  t o  t h e  f e e t  o f  t h e  suspended s u b j e c t  a lmost  e q u i v a l e n t  
t o  t h a t  on t h e  l u n a r  s u r f a c e .  
I i n t e g r a l  w i t h  and p a r a l l e l  t o  t h e  p lane  upon wh ich  t h e  s u b j e c t  s tands .  T h i s  
I The t e s t  tower, shown i n  F i g u r e  I, p r o v i d e s  a suspension h e i g h t  o f  136 f t  f o r  
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Figure I. Primary Test Area 
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Figure 2. Incl ined Plane Test Configuration Showing 




V e r t i c a l  Suspension S i m u l a t o r s  
Lunar g r a v i t y  s i m u l a t i o n  w i t h  v e r t i c a l  suspension was p r o v i d e d  by a 
t u r b i n e - o p e r a t e d  suspension system (TOSS) des igned and developed by AiResearch 
t o  improve t h e  dynamic response over  t h a t  observed f o r  negator  s p r i n g  systems 
used f o r  t h e  s i m u l a t i o n  o f  reduced g r a v i t y  i n  manned t e s t i n g .  
The b a s i c  system, i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  3, c o n s i s t s  o f  a 
" C "  b r a c e  g imba l ,  a s w i v e l ,  a yoke w i t h  a i r  pad bear ing ,  a c a b l e  and p u l l e y s ,  
a l i g h t w e i g h t  beam, and a t u r b i n e  take-up p u l l e y .  The a i r  t u r b i n e  a c t s  as 
a c o n s t a n t  t e n s i o n  d e v i c e  w i n d i n g  up  t h e  v e r t i c a l  c a b l e  d u r i n g  upward move- 
ments o f  t h e  s u b j e c t  and p r o v i d i n g  a b r a k i n g  f o r c e  d u r i n g  downward movements. 
The system p r o v i d e s  t h e  s i x  degrees-of - f reedom d e s i r e d  f o r  r e d u c e d - g r a v i t y  
s i m u l a t i o n .  The sources o f  t h e  degrees-of-freedom, w i t h  r e f e r e n c e  t o  t h e  
center  o f  g r a v i t y  o f  t h e  s u b j e c t ,  a r e ' l i s t e d  i n  T a b l e  2 .  
The v a r i a b l e - s u r f a c e  t r e a d m i l l  system 
system c o n t a i n i n g  f o u r  conveyer b e l t s ,  a f 
a s t o r a g e  hopper,  t h e  d r i v e  f o r  each b e l t ,  
equipment r e q u i r e d  t o  o p e r a t e  t h e  system. 
on t h e  t r e a d m i l l  b e l t  t o  s i m u l a t e  l u n a r  su 
s o i l  s u r f a c e  d e p o s i t e d  on  t h e  b e l t  f o r  any 
shown i n  F i g u r e s  4 and 5, i s  a 
a t  b e l t  conveyor ( t h e  t r e a d m i l l ) ,  
t h e  p l a t f o r m  s t r u c t u r e ,  and o t h e r  
I n  t h i s  system, s o i l  i s  d e p o s i t e d  
f a c e  c o n d i t i o n s .  The depth  o f  t h e  
t readmi  1 1  speed i s  d e t e r -  g i ven 
mined by t h e  p o s i t i o n  o f  a combined spreader  and 
f u n c t i o n  i s  e f f e c t e d  by a manua l ly  p o s i t i o n e d  va 
p o s i t i o n  o f  t h e  h y d r a u l i c a l l y  o p e r a t e d  g a t e  door 
LUNAR SURFACE SIMULATI 
hopper gate.  C o n t r o l  o f  t h i s  
ve wh ich  de termines  t h e  
N 
The m a t e r i a l s  f o r  s i m u l a t i n g  t h e  l u n a r  s u r f a c e  were s e l e c t e d  based on  
d a t a  f r o m  t h e  Surveyor  program (References 8 and 9 )  and persona l  communications 
w i t h  personnel  o f  t h e  J e t  P r o p u l s i o n  Labora tor ies .+F 
The p r i n c i p l e  f a c t o r s  a f f e c t i n g  t h e  t r a f f i c a b i l i t y  o f  a s o i l  s u r f a c e  
r e l a t e d  t o  a man moving o v e r  t h e  s u r f a c e  a r e  n o t  w e l l  d e f i n e d .  Whether t h e  
most predominant  c o n s i d e r a t i o n  i s  d e n s i t y  o r  shear s t r e n g t h  i s  n o t  known. 
However, i t  i s  agreed t h a t  s o i l  can f a i l  by t h e  p u s h - o f f  o f  t h e  s u b j e c t  
&e the r  t h e  s o i l  f a i l s  i n  b e a r i n g  o r  shear .  
A s a n d b l a s t i n g  t y p e  o f  sand was chosen as one o f  t h e  most l i k e l y  
c a n d i d a t e  s o i l s  t o  s i m u l a t e  a smooth l u n a r  s u r f a c e .  I n  a comparison o f  t h e  
t e s t  d a t a  w i t h  t h e  s e l e c t i o n  c r i t e r i a ,  t h i s  m a t e r i a l  compared f a v o r a b l y  w i t h  
t h e  r e p o r t e d  l u n a r  s u r f a c e  p r o p e r t i e s .  
*Communications w i t h  R .  F. S c o t t ,  P r o f e s s o r  o f  C i v i l  Eng ineer ing ,  C a l i f o r n i a  
I n s t i t u t e  o f  Technology (Surveyor  team member), January and February  1968. 
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F i g u r e  3. Turb ine-Opera ted  Suspension System ( T O S S )  
TABLE 2 
T O S S  D EGREES-OF- FR E EDOM 
a 
Figure 4. TOSS and Lunar Surface Simulating 
Treadmill (Viewed from above) 
9 
-------_ .. . - - - ~-----
Figu re 5. Test Configuration for Walking Tests 
on Simulated Lunar Soil 
10 
---- _._---------
The rough o r  r u b b l e - s t r e w n  s u r f a c e  areas  around Surveyor s p a c e c r a f t s  I, 
111, and V show t h a t  a reasonab ly  u n i f o r m  s u r f a c e  p a r t i c l e  s i z e  can be  
expec ted  i n  t h e  r e l a t i v e l y  smooth l una r  m a r i a .  The s i z e  d i s t r i b u t i o n  i s  
i l l u s t r a t e d  i n  F i g u r e  6, taken  f rom t h e  Surveyor V r e p o r t .  The f i g u r e  shows 
t h a t  t h e  area  immedia te ly  a d j a c e n t  t o  Surveyor V does n o t  c o n t a i n  as many 
o f  t h e  l a r g e r  p a r t i c l e s  as t h e  areas  around Surveyor I and 111. However, 
t h e r e  i s  good genera l  agreement. 
The e q u a t i o n  f o r  t h i s  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t aken  f r o m  t h e  Sur -  
veyor  I repor t ,  i s  
5 -1.77 
N = 3 x l O y  
where 
2 
N = c u m u l a t i v e  number o f  g r a i n s  i n  100 m 
y = d iamete r  o f  g r a i n s  i n  mm 
To s i m u l a t e  t h e  rough s u r f a c e  c o n d i t i o n ,  c o n c r e t e  aggregate  and c rushed 
g r a n i t e  i n  s i z e s  r a n g i n g  f rom 4 . 8  mm (0 .187 i n . )  t o  62 mm (2.5 i n . )  were mixed 
w i t h  t h e  s u r f a c e  m a t e r i a l  used fo r  s i m u l a t i n g  t h e  smooth l u n a r  s u r f a c e .  The 
d i s t r i b u t i o n  of t h e  p a r t i c l e  s i z e  i s  i l l u s t r a t e d  b y  t h e  v e r t i c a l  l i n e s  shown 
i n  F i g u r e  6 between l i n e s  1 and 2. The l i n e  marked 3 i s  t h e  upper l i m i t  o f  
t h e  p a r t i c l e  s i z e  used t o  s i m u l a t e  t h e  smooth s u r f a c e .  The d i s t r i b u t i o n  was 
o b t a i n e d  by add ing  t h e  coarse  aggregate  v o l u m e t r i c a l l y  t o  t h e  sand. 
PHY S I OLOG I CAL AND META BOL I C APPARATUS 
The p h y s i o l o g i c  i n s t r u m e n t a t i o n  used t o  de termine t h e  v a r i o u s  parameters 
f o r  t hese  exper imen ts  i s  l i s t e d  i n  T a b l e 3 .  I n  a d d i t i o n  t o  t h e  ana log  d a t a  
c o l l e c t i o n  system, p r o v i s i o n s  were made f o r  an a n a l o g - t o - d i g i t a l  c o n v e r s i o n  
system w i t h  an a u t o m a t i c  r e c o r d i n g  o f  a l l  t h e  d i g i t a l  d a t a  on punched paper 
tape.  
M e t a b o l i c  r a t e s  were measured by  i n d i r e c t  c a l o r i m e t r y .  The b a s i c  r e s p i -  
r a t o r y  system f o r  t h e  s u i t e d  t e s t s  i s  shown i n  F i g u r e  7 .  I n  t h i s  system, i n -  
s p i r e d  a i r  i s  drawn f rom t h e  r i g h t  s i d e  o f  t h e  he lmet  th rough  a hose connected 
t o  a p o r t  i n  t h e  f a c e p l a t e .  The hose leads  e x t e r n a l l y  t o  t h e  b i f u r c a t e d  mouth- 
p iece .  The e x p i r e d  gases pass f rom t h e  b i f u r c a t e d  mouthpiece th rough  a second 
e x t e r n a l  hose l e a d i n g  t o  a Franz-Muel l e r - t y p e  r e s p i r o m e t e r  wh ich  i s  a t t a c h e d  
t o  t h e  s u b j e c t ' s  backpack. The e x p i r e d  volume i s  measured by t h e  r e s p i r o m e t e r .  
A t h i r d  hose conducts  t h i s  gas back t o  t h e  l e f t  s i d e  o f  t h e  he lmet  where i t  
passes th rough  a p o r t  i n  t h e  f a c e p l a t e  and i s  t hen  d e f l e c t e d  downward i n t o  t h e  




































S i z e - f  requency d i s  t r  i b u t  i on  o f  
f ragments on the  u n d i s t u r b e d  
s u r f a c e  around Surveyor  P 
compared w i t h  the  average s i z e -  
f requency d i s t r i b u t i o n  o f  
fragments a t  t he  Surveyor  I and 
111 l a n d i n g  s i t e s .  
S imu la ted  c o n d i t i o n s  
1 
1 2 4 8 1.6 3.2 6 . 4  12.8 25.6 51.2 1 2 
I m l  
F i g u r e  6. Lunar Sur face  P a r t i c l e  S i z e  D i s t r i b u t i o n  
12 
TABLE 3 
PHYSIOLOGIC INSTRUMENTATION FOR DATA COLLECTION 
Pa r ame t e r 
2 
I n s p i  red /exp i  r e d  0 
f r a c t i o n  
I n s  p i red/exp i r e d  C02 
f r a c t i o n  
Exp i r e d  vo 1 ume 
S u i t  gas f l o w  
S u i t  tempera ture  i n  
S u i t  tempera ture  o u t  
S u i t  p ressu re  
E C G  - h e a r t  r a t e  
Core tempera t u  r e  
R e s p i r a t i o n  r a t e  
S u i t  dew p o i n t  i n  
S u i t  dew p o i n t  o u t  
Franz-Muel l e r  tern- 
pe r a  t u r e  
Ambient p ressu re  
Amb i e n  tempera ture  
Treadm 1 1  v e l o c i t y  
Subjec we igh t  
Sub jec t  h e i g h t  
Sur face  area  
G r a v i t y  q r a d i e n t  
Sensor Accuracy 
Beckman F-3 21% 
Beckman IR-15A +I% 
Franz-Mue 1 1 e r  
Respi rometer  51% 
Meriam Flowmeter & I% 
Cu-Co Thermocouple +0.75% 
Cu-Co Thermocouple 20.754 




Therm s t o r  51% 
Cu-Co Thermocoup1e+0.75& 
Cambr dge Dewpointer  &I% 
Cambridge Dewpointer  + I% 
Cu-Co Thermocouple 50.75% 
Mercury ba romete r, 
Wal lace and T i e r n a n  
Gauge 20.25% 
Cu-Co Thermocouple ?0.75$ 
Tachometer +570 
B u f f a l o  Sca le  20.25% 
Meter s t i c k  20. I $  
Dubois Nomogram 
Load c e l l  &5% 
Record ing Device Accuracy 
~~ ~~ ~ 
Brown Recorder - 2 channel + I% 
Brown Recorder - 2 channel  -+I% 
Spec ia l  m o d i f i c a t i o n  f o r  e l e c -  
t r i c a l  o u t p u t  t o  o f f n e r  Dyno- 
graph &2 l i t e r s  
Manua 1 r e c o r d i n g  
Brown M u l t i p o i n t  Recorder 21% 
Brown M u l t i p o i n t  Recorder ? I $  
O f f n e r  Dynograph ? I% 
O f f n e r  Dynograph + I %  
O f f n e r  Dynograph ?I% 
O f f n e r  Dynograph ?I% 
Brown M u l t i p o i n t  Recorder 21% 
Brown M u l t i . p o i n t  Recorder ?IF 
B r o w n  M u l t i p o i n t  Recorder * I %  
Manual r e c o r d i n g  
Brown M u l t i p o i n t  ? I $  
OtFner Dynograph ?I% 
Manua 1 r e c o r d i  ng 
Manua 1 r e c o r d  i ng 
Manual r e c o r d i n g  












































































































































































ENVIRONMENTAL CONTROL SYSTEM 
The env i ronmen ta l  c o n t r o l  system ( E C S )  used i n  t h i s  program was des igned 
as an open l o o p  s u i t  p r e s s u r i z a t i o n  and v e n t i l a t i o n  system. I t  c o n t r o l l e d  t h e  
s u i t  v e n t i l a t i o n  f l o w  r a t e ,  s u i t  i n l e t  d r y  b u l b  tempera ture ,  and s u i t - t o -  
ambient d i f f e r e n t i a l  p ressure .  I n  a d d i t i o n ,  i t  was used t o  de te rm ine  and 
r e c o r d  t h e  s u i t  o u t l e t  v e n t i l a t i o n  tempera ture ,  f l o w  r a t e  p ressure ,  and dew 
p o i n t  t empera tu re .  A schemat ic  o f  t h e  E C S  i s  shown i n  F i g u r e  8 .  
B A S I C  BACKPACK AND RESPIROMETER 
The backpack shown i n  F i g u r e  9 i s  t h e  b a s i c  backpack wh ich  was used f o r  
a l l  t e s t s  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r .  The t o t a l  E a r t h  w e i g h t  o f  t h e  pack, 
i n c l u d i n g  t h e  w e i g h t  o f  t h e  s h e l l  and o t h e r  equipment, i s  a d j u s t a b l e  by plat- 
i n g  l e a d  w e i g h t s  as shown i n  t h e  pack. These w e i g h t s  can be p laced  so  t h a t  
t h e  p i c k - u p  suspens ion  p o i n t  o f  t h e  pack i s  a t  t h e  c .9 .  o f  t he  pack f o r  any 
we igh t .  
LIQUID A I R  BACKPACK 
Two l i q u i d  a i r  backpacks used t o  v e n t i l a t e  and c o o l  p r o t e c t i v e  s u i t s  were 
m o d i f i e d  t o  p r o v i d e  t h e  v e n t i l a t i o n ,  c o o l i n g ,  and p r e s s u r i z a t i o n  o f  t h e  s u i t e d  
s u b j e c t  f o r  t h e  b a s i c  t r a i n i n g  a t  Lang ley  Research Center  (LRC) and i n  i n i t i a l  
s u b j e c t  o r i e n t a t i o n  and t r a i n i n g  a t  AiResearch. 
worn by  a s u b j e c t  undergo ing  t r a i n i n g  on a smal l  i n c l i n e d - p l a n e  s i m u l a t o r .  













































Figure 9. Weight Pack and Mounting of Respirometer 
17 
Figure 10. Liquid Air Backpack on Subject in Training 
18 
SECTION 3 
SUBJECTS AND TRAINING 
SUBJECT SELECTION ? 
S i x  hea l  t h y  male s u b j e c t s  were s e l e c t e d  f rom t h e  AiResearch t e s t  s u b j e c t  
pane l .  S e l e c t i o n  c r i t e r i a  were based on s u i t  f i t ,  p s y c h o l o g i c a l  and phys io -  
l o g i c a l  r e a c t i o n  t o  s t r e s s - i n d u c i n g  s i t u a t i o n s ,  an a b i l i t y  t o  pass an FAA 
Class  I f l i g h t  p h y s i c a l ,  and p h y s i c a l  f i t n e s s  t e s t i n g .  The s u b j e c t s  chosen 
a l l  had e x t e n s i v e  exper ience  i n  s u i t  t e s t l n g  i n  c o n j u n c t i o n  w i t h  a m o d i f i e d  
Hewes and Spady i n c l i n e d - p l a n e  simul.ator and a 6-deg-of- f reedom v e r t i c a l  
suspension s i m u l a t o r .  
The anthropomorphic  d a t a  f o r  t h e  s i x  s u b j e c t s  t h a t  p a r t i c i p a t e d  i n  t h i s  
program a r e  g i v e n  i n  T a b l e  4 .  The obv ious  u n i f o r m i t y  among t h e  s u b j e c t s  i s  a 
r e s u l t  o f  t h e  s i z e  requ i remen ts  t o  f i t  t h e  p ressu re  s u i t s  a v a i l a b l e  f o r  t h i s  
program. These s u b j e c t s  compare v e r y  c l o s e l y  t o  t h e  body c h a r a c t e r i s t i c s  o f  
t h e  a s t r o n a u t  p o p u l a t i o n  for  t h i s  same reason. The o n l y  d e v i a t i o n  from t h e  
c h a r a c t e r i s t i c s  o f  t h e  a s t r o n a u t s  i s  t h a t  t h e  s u b j e c t s  i n  t h i s  program were 
younger . 
Basal and r e s t i n g  m e t a b o l i c  r a t e s  were de termined t o  e v a l u a t e  t h e  pos- 
s i b i l i t y  o f  any a b e r r a t i o n s  i n  t h e  genera l  c o n d i t i o n  o f  t h e  body. I n  a d d i t i o n ,  
a Harva rd  Step  Tes t ,  l ean  body mass d e t e r m i n a t i o n s ,  and a Ba lke  T e s t  were p e r -  
formed on each s u b j e c t .  
TRAIN I NG 
A l l  s u b j e c t s  had p r e v i o u s l y  p a r t i c i p a t e d  i n  s t u d i e s  r e q u i r i n g  t h e  u s e  o f  
a m o d i f i e d  Hewes and Spady i n c l i n e d - p l a n e  l u n a r  g r a v i t y  s i m u l a t o r .  A l l  sub- 
j e c t s  were g i v e n  a minimum o f  t h r e e  t r a i n i n g  sess ions  on t h r e e  d i f f e r e n t  days, 
b o t h  i n  m u f t i  and i n  p r e s s u r i z e d  s u i t s ,  t o  r e o r i e n t  them t o  t h i s  t y p e  o f  simu- 
l a t o r .  Norma l l y  t h r e e  days o f  t r a i n i n g  i s  adequate f o r  w a l k i n g  o r  r u n n i n g  on 
an i n c l i n e d - p l a n e  s i m u l a t o r .  
Two s u b j e c t s  who had a l s o  per fo rmed locomot ion  t a s k s  on t h e  Hewes and 
Spady i n c l i n e d - p l a n e  s i m u l a t o r  l o c a t e d  a t  Lang ley  Research Center found t h e  
t r a i n i n g  on t h e  i n c l i n e d  t r e a d m i l l  q u i t e  adequate f o r  p e r f o r m i n g  on t h e  s t a -  
t i o n a r y  i n c l i n e d  board  l o c a t e d  a t  LRC. They per fo rmed q u i t e  w e l l  a f t e r  o n l y  
4 t o  8 t r a i n i n g  t r i a l s  on t h e  1 9 1 - f t  board.  F i g u r e  I1  shows a s u b j e c t  i n  a 
Gemini s u i t  p r e s s u r i z e d  t o  3.5 p s i  w a l k i n g  t h r o u g h  t h e  measurement g r i d  i n  t h e  
LRC s i m u l a t o r .  The o n l y  s u b j e c t i v e  d i f f e r e n c e s  no ted  were t h e  push-o f f  neces- 
s a r y  t o  reach a g i v e n  t r a v e r s i n g  v e l o c i t y ,  t h e  m ino r  problems a s s o c i a t e d  
w i t h  m a i n t a i n i n g  a c o n s t a n t  v e l o c i t y  and g a i t  go ing  th rough  t h e  measurement 
g r i d ,  and t h e  problems o f  d e c e l e r a t i n g  and s topp ing .  
19 
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The s u b j e c t s  made t h e  t r a n s i t i o n  f rom t h e  i n c l i n e d - p l a n e  simu a t o r  t o  
t h e  v e r t i c a l  suspension s i m u l a t o r  w i t h  app rox ima te l y  t h r e e  days o f  t r a i n i n g  
f o r  each man. T h i s  added t ime  was needed t o  a d j u s t  t o  problems o f  d i r e c t i o n a l  
s t a b i l i t y  i n  t h e  decreased t r a c t i o n  f i e l d .  The d i r e c t i o n a l  i n s t a b  l i t y  occurs  
m a i n l y  i n  t h e  yaw degree-of - f reedom. The s u b j e c t s  had t o  l e a r n  t o  impar t  
app rox ima te l y  t h e  same amount o f  f o r c e  w i t h  each f o o t  t o  keep f rom r o t a t i n g  
e i t h e r  t o  t h e  l e f t  o r  t o  t h e  r i g h t .  T h i s  e f f e c t  was even more pronounced 
w i t h  t h e  l o p i n g  g a i t .  A l l  s u b j e c t s  were adequate ly  t r a i n e d  w i t h i n  t h e  t h r e e -  
day p e r i o d .  I t  must be no ted  t h a t  each t i m e  a new s e r i e s  o f  t e s t s  was s t a r t e d  
(e.g., s l o p e  t r a v e r s i n g ,  d i f f e r e n t  load ing ,  and s u r f a c e  changes), t he  s u b j e c t s  
were g i v e n  a b r i e f  p e r i o d  o f  t r a i n i n g  t o  ensure they  c o u l d  pe r fo rm the  modes 
requested  and t h a t  t h e  da ta  would n o t  be b i a s e d  by a t r a i n i n g  e f f e c t .  T h i s  




The r e s u l t s  o f  t h i s  program a r e  summarized by  t h e  d a t a  p resented  i n  t h e  
f o l l o w i n g  pages. Un less  o t h e r w i s e  i n d i c a t e d ,  a l l  d a t a  p o i n t s  d e s c r i b e d  o r  
d iscussed a r e  mean v a l u e s  o f  o b s e r v a t i o n s  on s i x  s u b j e c t s .  The use o f  t h e  
t e r m  " s i g n i f i c a n t  d i f f e r e n c e "  i n  t h i s  r e p o r t  i s  reserved f o r  cases i n  wh ich  
d i f f e r e n c e s  observed a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  ( i . e . ,  t h e  d i f f e r e n c e s  a r e  
c o n s i d e r e d  r e a l  d i f f e r e n c e s  as de termined by s t a t i s t i c a l  t e s t s ) .  
T h i s  s e c t i o n  i s  d i v i d e d  i n t o  two major  subsec t ions ,  p h y s i o l o g i c a l  r e s u l t s  
and k i n e m a t i c  r e s u l t s ,  f o l l o w e d  by a d i s c u s s i o n  o f  range computa t ion .  
PHYSIOLOGICAL DATA 
The p r i n c i p a l  p h y s i o l o g i c a l  dependent v a r i a b l e  de termined d u r i n g  t h i s  
e x p e r i m e n t a l  program was metabol  i c  r a t e .  Other  p h y s i o l o g i c a l  v a r i a b l e s  
e v a l u a t e d  i n c l u d e d  h e a r t  ra te ,  r e s p i r a t o r y  ra te,  oxygen consumption, carbon 
d i o x i d e  p r o d u c t i o n ,  and e x p i r e d  m i n u t e  v e n t i l a t i o n .  The i n d i v i d u a l  d a t a  and 
e v a l u a t i o n  o f  those d a t a  a r e  p resented  i n  t h e  d e t a i l e d  r e p o r t  f o r  t h i s  program. 
On ly  p o r t i o n s  o f  t h e  m e t a b o l i c  data,  t h e  i n t e r r e l a t i o n s  between h e a r t  r a t e  
and m e t a b o l i c  r a t e ,  and comparisons o f  t h e  m e t a b o l i c  r a t e  d a t a  f rom t h i s  p ro-  
gram w i t h  o t h e r  p e r t i n e n t  d a t a  a r e  d iscussed i n  t h i s  summary document. 
Metabol  i c  Rate 
D u r i n g  t h i s  program, emphasis was p l a c e d  on t h e  s t e a d y - s t a t e  energy c o s t  
f o r  p e r f o r m i n g  each t e s t  mode, s i n c e  t h e  s t e a d y - s t a t e  m e t a b o l i c  r a t e s  were t h e  
b e s t  p r e d i c t i v e  measures f o r  e v a l u a t i n g  man's per formance.  A l l  t e s t  modes were 
repeated  t o  inc rease t h e  Val i d i t y  o f  t h e  data.  Data f rom r e p e t i t i o n s  o f  t h e  
same t e s t  modes were ana lyzed t o  e v a l u a t e  t h e  re1 i a b i l  i t y  o f  t h e  data,  
Three s e r i e s  o f  t e s t s  were conducted t o  ana lyze  t h e  d i f f e r e n c e s  between 
repeated  t e s t s  a t  t h e  same c o n d i t i o n s .  The s t e a d y - s t a t e  m e t a b o l i c  r a t e s  f o r  
t h e  i n i t i a l  t e s t s  per fo rmed on t h e  h o r i z o n t a l  i n c l  ined-p lane s i m u l a t o r  w i t h  a 
h a r d  s u r f a c e  and w i t h  a 7 5 - l b  pack (Pack I) a r e  shown g r a p h i c a l l y  i n  F i g u r e  12. 
S t a t i s t i c a l  a n a l y s i s  o f  these t e s t s  and t h e  d a t a  o f  t h e  two repeat  s e r i e s  
r e v e a l e d  no s i g n i f i c a n t  d i f f e r e n c e s .  The d a t a  were p o o l e d  across  a l l  t h r e e  
t e s t  s e r i e s ;  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  13. Comparison o f  F i g u r e s  12 
and 13 shows t h a t  t h e  d a t a  a r e  from t h e  same p o p u l a t i o n  o f  va lues.  The genera l  
forms o f  t h e  curves  o b t a i n e d  a r e  as expected.  I f  t h e  s u b j e c t s  had been a b l e  t o  
choose t h e i r  g a i t  t o  p e r f o r m  any g i v e n  v e l o c i t y ,  however, t h e  curve  f o r  w a l k i n g  
wou ld  p r o b a b l y  have l e d  d i r e c t l y  i n t o  t h e  c u r v e  f o r  r u n n i n g  t o  produce a 
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Fiqure  12. Steady-State Metabol ic Rates f o r  I n i t i a l  T r i a l s  on the H o r i z o n t a l  
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F igure 13. Steady-State Metabol ic Rates for A l l  T r i a l s  (Pooled Data) 
on the Hor izonta l  Inc l ined-Plane Simulator  w i t h  Pack I 
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The metabolic costs for walking were increased significantly by velocity 
(p<O.OI), with the energy cost for the 8-km/hr walk being disproportionately 
high. 
an unusually long stride while striving to maintain the double support required 
for walking. Hogberg (Reference IO) reported in 1952 that for running, the 
most economical stride length lies in the region of a freely chosen one, while 
an increase of stride length over this optimum yields a larger increase in 
energy cost than a corresponding shortening of the stride. Although Hogberg's 
studies were performed at I g, the same phenomenon has been demonstrated by 
Sanborn (Reference 1 1 )  in a 1/6-g environment. This effect, coupled with the 
physical characteristics of the suit which impose undue stress in performing 
the walking task, accounts for the exceptionally high energy cost of the 8-km/ 
hr walk. The metabolic costs for loping at 1/6 g increased with velocity, but 
the increases were not significant. The running modes resulted in an increase 
in energy cost with velocity (p<0.05). 
In trying to walk at this velocity, the subjects were forced to use 
The data shown in Figure 14 for subjects in shirt sleeves are significa- 
ntly lower (p<O.OI) for each velocity than the data in Figure 12 for subjects 
in pressurized suits. The loping gait required significantly higher energy 
levels than either of the other gaits regardless of velocity (p<O.O5). The 
higher energy cost for loping is undoubtedly due to the requirement for per- 
forming more antigravity work than is the case for walking or running. Benedict 
and Murchauser (Reference 12)  report that the energy requirements are higher 
for running than for walking at the same speed at I g due to the greater 
elevation of the body with the increased cost required to perform antigravity 
work. 
Cavagna (Reference 1 4 ) .  Extrapolation of their conclusions to the 1/6-g 
environment supports the data obtained during this program and offers a pro- 
bable explanatior for the higher energy cost for loping. The energy cost for 
raising the body would be lower in the 1/6-g condition, but proportional 
changes should be similar to the I-g condition. Raising the body may be only 
a portion of the change in the total cost of loping, since the body must be 
decelerated with each step and must require additional energy cost with higher 
elevations of the body. Subjectively, the subjects all reported that i f  they 
had their preference, they would always choose a locomotive gait that could 
be performed with minimal excursion from the walking surface. This is i n  
contrast with the comments of Langley Research Center personnel performing as 
subjects. 
Supporting evidence has been presented by Fern (Reference 13) and by 
In a 1967 presentation to the Seventh In.ternationa1 Symposium on Space 
Technology and Science, Margaria (Reference 15) reported that on a theoretical 
basis loping should not have a higher metabolic cost than running at the same 
velocity. Margaria did not provide data to Bubstantiate his analysis. However, 
the data of Kuehnegger tends to give credence to Margaria's work (Reference 16). 
Kuehnegger's data, however, is based on tests performed with only two subjects. 
As a result, the comparisons between the metabolic costs for the two gaits are 
purely subjective comparisons. In contrast, the data of the current study were 
derived for six subj'ects, and the higher cost loping as compared to running 
at the same velocity was derived by statistical inference ( p q . 0 5 ) .  This 
analysis indicated that there are only 5 chances in 100 that the difference is 
not real. Similar confidence statements on the reliability o f  the work of 
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Figure  14. Steady-Sta te  Metabol  i c  Rates f o r  Locomot i o n  
on t h e  I n c l  ined-Plane S imu la to r ,  Pack I, 
Without  Pressure  S u i t  
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The s t e a d y - s t a t e  m e t a b o l i c  r a t e  da ta  a r e  shown i n  F i g u r e s  15 and 16 
f o r  c a r r y i n g  t h e  240- lb  ( I - g )  Pack 11, w i t h  t h e  r e s u l t i n g  e f f e c t  t h a t  t h e  
s u b j e c t  i s  c a r r y i n g  a 4 0 - l b  l oad  a t  1/6-g, b u t  i s  s t i l l  hav ing  t o  work a g a i n s t  
t h e  i n e r t i a l  f o r c e s  of  t h e  240- lb  mass. There were no d i f f e r e n c e s  between 
t h e  i n i t i a l  Pack I1 da ta  and t h a t  o b t a i n e d  i n  repea t  t e s t i n g .  
S t a t i s t i c a l  i n f e r e n c e s  i n d i c a t e  a s i g n i f i c a n t  i nc rease  i n  m e t a b o l i c  r a t e  
w i t h  v e l o c i t y  f o r  w a l k i n g  w i t h  Pack I1 (p<O.OI). 
w i t h  v - e l o c i t y  f o r  e i t h e r  t h e  l o p i n g  o r  r u n n i n g  g a i t s .  
There were no d i f f e r e n c e s  
Locomot ion w i t h  Pack I11 r e q u i r e d  t h e  s u b j e c t s  t o  t r a n s p o r t  a 400 - lb  
( I - g )  l oad  which r e s u l t e d  i n  t h e  s u b j e c t  c a r r y i n g  66-2/3 l b  i n  t h e  1/6-g 
env i ronment  w h i l e  s t i l l  a f f e c t e d  by t h e  i n e r t i a l  mass o f  400 l b .  S ince o n l y  
two s u b j e c t s  were used i n  these t e s t s ,  and t h e  v a r i a n c e  between o n l y  two 
s u b j e c t s  tends  t o  mask d i f f e r e n c e s  between mean va lues ,  t h e  s t a t i s t i c a l  
ana lyses  were n o t  p a r t i c u l a r l y  mean ing fu l .  
A comparison o f  F i g u r e  17, which  shows t h e  r e s u l t s  o f  t e s t i n g  w i t h  
Pack 111, w i t h  F i g u r e  16 i n d i c a t e s  t h a t  except  f o r  t h e  two h i g h e s t  l ope  and 
t h e  two h i g h e s t  r u n  v e l o c i t i e s ,  t h e  da ta  between Packs I1 and I11 were q u i t e  
s i m i l a r .  The p o i n t s  o f  i n f l e c t i o n  i n  t h e  8-km/hr l o p e  and t h e  9.7-km/hr run  
curves  would i n f e r  t h a t  these v e l o c i t i e s  were b e t t e r  f o r  l ocomot ion  than t h e  
o t h e r  l ope  o r  r u n  v e l o c i t i e s .  
A m u l t i p l e  a n a l y s i s  o f  v a r i a n c e  t o  t e s t  t h e  e f f e c t s  o f  p a c k - c a r r y i n g  was 
per fo rmed on a l l  t h e  da ta  f o r  Packs I and I1 ac ross  t h e  t h r e e  g a i t s .  
was n o t  i n c l u d e d  because those t e s t s  were per fo rmed by o n l y  t h e  two s p e c i a l  
s u b j e c t s .  
and f a i l e d  t o  demonstrate any d i f f e r e n c e s  between t h e  da ta  o b t a i n e d  t o r  Packs I 
and 11. 
Pack I11 
T h i s  a n a l y s i s  showed t h e  v e l o c i t y  e f f e c t s  no ted  above w i t h i n  g a i t s  
A m u l t i p l e  a n a l y s i s  o f  v a r i a n c e  o f  t h e  da ta  f o r  t h e  two s p e c i a l  s u b j e c t s  
ac ross  t h e  t h r e e  g a i t s ,  w i t h  t h e  t h r e e  packs, showed t h a t  t h e  energy c o s t  f o r  
w a l k i n g  i nc reased  w i t h  v e l o c i t y  ( p Q . 0 5 ) .  
The l a c k  o f  s i g n i f i c a n t  inc reases  w i t h  l o a d - c a r r y i n g  i n f e r s  t h a t  t h e  
s u b j e c t s  were p e r f o r m i n g  more work a t  e s s e n t i a l l y  t h e  same energy cos t .  
t h e  s u b j e c t s  were p e r f o r m i n g  more e f f i c i e n t l y .  
the  s u b j e c t s  o b t a i n i n g  b e t t e r  t r a c t i o n  as t h e i r  t o t a l  we igh t  was inc reased by 
a d d i n g  we igh t  w i t h  a pack load.  
degrees-of - f reedom i n  t h e  i n c l  ined-p lane s imu la to r ,  t h e  i n e r t i a l  e f f e c t s  o f  
c a r r y i n g  these loads  a r e  n o t  c l e a r .  
Thus, 
T h i s  e f f e c t  was p robab ly  due t o  
Since t n e  s u b j e c t s  were suppor ted  i n  t h e  m i s s i n g  
The da ta  f o r  t h e  m e t a b o l i c  c o s t  o f  locomot ion  i n  t h e  TOSS a r e  p resen ted  
g r a p h i c a l l y  i n  F i g u r e  18. S teady -s ta te  m e t a b o l i c  r a t e s  were inc reased by 
v e l o c i t y  w i t h i n  t h e  w a l k i n g  g a i t  (p<O.OI), b u t  were n o t  changed by v e l o c i t y  
w i t h i n  t h e  l o p i n g  o r  runn ing  modes. 
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Figure 15. Steady-State Metabolic Rates for Initial Trials 
on the Inclined-Plane Simulator, Pack I1 
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Figure 16. Steady-State Metabolic Rates for All Trials (Pooled Data) 
on the Inclined-Plane Simulator, Pack I1 
28 
i a  
16 
























Condi t ions:  
Spec i a 1 Sub j ec  t s 
I n c l i n e d  p lane  
Pack I11 (400 I b )  
Su i ted ,  p r e s s u r i z e d  
Hard s u r f a c e  
- 
- 0- wa lk  
1 ope 













I I I 1 I I 
2 4 6 8 I i o  I 12 1 
V e l o c i t y ,  km/hr 9.7 11.3 12.8 
=-4264 I 
F i g u r e  17. Steady-Sta te  M e t a b o l i c  Rates f o r  Locomotion on 
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F i g u r e  18. E f f e c t  o f  G a i t  and V e l o c i t y  on Steady-Sta te  Energy Cost 
o f  Locornot i o n  w i t h  t h e  T O S S  S i m u l a t o r  
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I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  cu rve  i n  F i g u r e  18 f o r  w a l k i n g  leads  
d i r e c t l y  i n t o  t h e  runn ing  curve, and t h e  t o t a l  p o i n t s  c o u l d  be f i t t e d  w i t h  
a s t r a i g h t  l i n e .  T h i s  was a l s o  no ted  on t h e  Pack I data  f o r  t h e  i n c l i n e d  p lane.  
Lop ing  va lues  a r e  comp le te l y  above t h i s  curve, i n d i c a t i n g  t h e  v e r y  h i g h  energy 
c o s t  f o r  p e r f o r m i n g  t h e  l o p i n g  g a i t  w i t h  TOSS. 
The energy c o s t s  f o r  ascend ing  and descending s lopes  on a ha rd  s u r f a c e  
w i t h  t h e  i n c l  ined-p lane and TOSS s imu la to rs ,  and on s i m u l a t e d  smooth l u n a r  
s o i l  i n  t h e  TOSS s i m u l a t o r  a r e  shown i n  F igu res  19,  20, and 21. For l oco -  
m o t i o n  on  t h e  i n c l  ined-p lane s i m u l a t o r  ( F i g u r e  2 1 ) .  t h e  energy c o s t s  f o r  
ascend ing  a 7.5-deg s l o p e  increased w i t h  v e l o c i t y  ( p < O . O I ) .  There  was 
no change w i t h  v e l o c i t y  f o r  descending t h e  same grade. Energy c o s t  f o r  u p h i l l  
l ocomot i  ,n was h i g h e r  than  f o r  d o w n h i l l  locomot ion  (p<O.Ol). 
The energy r e q u i r e d  f o r  t r a v e r s i n g  a 15-deq s lope  increased w i t h  v e l o c i t y  
(60 .01 )  and was h i g h e r  than for  ascend ing  a 7.5-deg s lope  (p<0.05). 
s u b j e c t  was a b l e  t o  t r a v e r s e  t h e  15-deg s l o p e  a t  8 km/hr. The energy c o s t  f o r  
u p h i l l  l ocomot ion  was h i g h e r  than  f o r  d o w n h i l l .  No d i f f e r e n c e  was no ted  i n  
d o w n h i l l  energy c o s t s  f o r  e i t h e r  t h e  7.5-, 15-, o r  30-deg s lopes .  
No 
The m e t a b o l i c  cos ts  f o r  ascending and descending 7.5, 15, and 30 deg on 
a h a r d  s u r f a c e  s l o p e  w i t h  t h e  T O S S  s i m u l a t o r  a r e  shown i n  F i g u r e  20. A v e l o c i t y  
e f f e c t  i n c r e a s i n g  t h e  m e t a b o l i c  c o s t  o f  locomot ion  was no ted  between a l l  
4 u p h i l l  v e l o c i t i e s  a t  7.5 deg (p<O.OI). An inc reased c o s t  across  a l l  v e l o c i -  
t i e s  was n o t e d  f o r  d o w n h i l l  locomot ion  on b o t h  t h e  15-deg s lope  ( ~ ( 0 . 0 5 )  and 
t h e  30-deg s l o p e  (p<0.05) .  
were s i g n i f i c a n t l y  d i f f e r e n t  (pcO.01). Comparisons between requ i rements  t o  
n a v i g a t e  each s l o p e  showed t h a t  t h e  oxygen needs f o r  c l i m b i n g  a 15-deg s lope  
were h i g h e r  than f o r  t h e  7.5-deg s l o p e  ( ~ ( 0 . 0 1 ) .  T r a v e r s i n g  d o w n h i l l  s lopes  
i n d i c a t e d  t h a t  t h e  7.5-deg s lope  r e q u i r e d  more energy than e i t h e r  t h e  15-deg 
o r  30 deg s l o p e  (PCo.Ol), and t h e r e  was no d i f f e r e n c e  between the  15-deg and 
30-deg da ta .  C l imb ing  u p h i l l  had a h i g h e r  c o s t  than g o i n g  d o w n h i l l  a t  a l l  
v e l o c i t i e s  w i t h  b o t h  s lopes  ( ~ ( 0 . 0 1 ) .  
The 2-  and 4-km/hr ascending v e l o c i t i e s  a t  15-deg 
F i g u r e  20 summarizes t h e  s lope  da ta  f o r  t e s t s  per formed w i t h  t h e  TOSS 
s i m u l a t o r  and i s  comparable t o  t h e  p r e s e n t a t i o n  made i n  F i g u r e  19 f o r  t h e  
i n c l i n e d - p l a n e  s i m u l a t o r  t e s t s .  The e f f e c t s  d e s c r i b e d  f o r  F i g u r e  20 f i t  
e q u a l l y  w e l l  t o  these data,  w i t h  o n l y  t h e  magni tude o f  t h e  da ta  be ing  d i f f e r e n t .  
The d o w n h i l l  da ta  a r e  lower than t h e  h o r i z o n t a l  data,  which i n  t u r n  a r e  lower 
than  f o r  t h e  ascending modes. 
The d i f f e r e n c e s  between t h e  da ta  f rom t h e  s u b j e c t s  i n  each of t h e  s imu la -  
t o r s  a re  demonstrated by t h e  l ocomot i ve  modes they  c o u l d  n o t  complete.  On t h e  
i n c l i n e d - p l a n e ,  t h e  s u b j e c t s  were a b l e  t o  accompl ish  a l l  o f  t h e  descending 
modes and t h e  7.5-deg and 15-deg ascending modes. When a t t e m p t i n g  t o  ascend 
t h e  30-deg s l o p e  on t h e  i n c l i n e d  p lane, the s u b j e c t s  were a b l e  t o  complete t h e  
2 -  and 4-km/hr v e l o c i t i e s  w i t h  l i t t l e  d i f f i c u l t y .  A t  t h e  6-km/hr v e l o c i t y ,  
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F i g u r e  19. Summary Curves o f  S teady-Sta te  Energy Cost 
f o r  Locomotion on Slopes w i t h  t h e  
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Figure  20. Summary Curves or  Energy Cost f o r  Locomotion on 
Hard-surface Slopes, T O S S  Simulator  
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F i g u r e  21 .  Summary Curves o f  Energy C o s t  f o r  Locomotion on 
Slopes; Smooth Lunar Soi 1, TOSS Simu la to r  
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o t h e r  s u b j e c t s  completed between 2 and 5-1/2 min  o f  e x e r c i s e  b e f o r e  t h e  t e s t s  
were s topped because t h e i r  h e a r t  r a t e s  had exceeded t h e  e s t a b l i s h e d  l i m i t s  
f o r  s a f e t y .  A t  8 km/hr, none o f  t h e  s u b j e c t s  were a b l e  t o  p e r f o r m  on t h e  
30-deg s l o p e .  The major  reason fo r  t h i s  was t h e  i n a b i l i t y  o f  t h e  s u b j e c t  t o  
m a i n t a i n  t r a c t i o n  and p o s i t i o n  ( i n a b i l i t y  t o  keep up)  on t h e  t r e a d m i l l .  On 
t h e  o t h e r  hand,with t h e  TOSS s i m u l a t o r ,  t h e  s u b j e c t s  were a b l e  t o  per fo rm a l l  
o f  t h e  descend ing-s lope t e s t s  and t h e  7.5-deg ascending t e s t s .  On a 15-deg 
ascending s lope,  t h e  s u b j e c t s  were a b l e  t o  p e r f o r m  o n l y  t h e  2 -  and 4-km/hr 
v e l o c i t i e s .  I n  t h e  6- and 8-km/hr t e s t s ,  they  each exceeded a h e a r t  r a t e  o f  
180 beats /min  p r i o r  t o  r e a c h i n g  a s t e a d y - s t a t e  c o n d i t i o n .  Only one o f  t h e  
s i x  s u b j e c t s  c o u l d  p e r f o r m  t h e  Z-km/hr v e l o c i t y  w h i  l e  ascending t h e  30-deg 
s lope,  a n d - h e  was o n l y  a b l e  t o  m a i n t a i n  t h e  e x e r c i s e  f o r  5 min  b e f o r e  h i s  
h e a r t  r a t e  reached t e s t  c u t o f f  l i m i t s .  
F i g u r e  21 shows t h e  compara t ive  d a t a  f o r  s e l f - l o c o m o t i o n  w i t h  t h e  TOSS 
s i m u l a t o r  and smooth l u n a r  s o i l  c o n d i t i o n s ,  on a h o r i z o n t a l  s u r f a c e  and on 
ascend ing  and descending s lopes .  M e t a b o l i c  c o s t s  inc reased w i t h  v e l o c i t y  f o r  
t h e  h o r i z o n t a l  t e s t s  (p<O.OI). F o r  7.5-  and 15-deg ascent ,  t h e  c o s t  was i n -  
c reased by v e l o c i t y  (p<0.05), w h i l e  f o r  descending modes, v e l o c i t y  inc reased 
t h e  c o s t  a t  7 .5  and 15 deg (pc0 .05) .  Energy c o s t s  f o r  descending modes were 
lower  t h a n  f o r  e i t h e r  locomot ion  on a h o r i z o n t a l  s u r f a c e  (p<O.Ol) or t h e  ascend- 
i n g  modes (pQ.01) .  The u p h i l l  v a l u e s  a t  7 .5 deg were n o t  d i f f e r e n t  f r o m  t h e  
d a t a  on t h e  h o r i z o n t a l  smooth l u n a r  sur face ,  b u t  t h e  15-deg v a l u e s  were d i f -  
f e r e n t  f r o m  t h e  d a t a  o b t a i n e d  f o r  t e s t s  b o t h  on t h e  7.5-deg s l o p e  and i n  t h e  
h o r  i z o n t  a 1 p l  ane ( p<O. 0 i ) . 
T e s t i n g  w i t h  t h e  TOSS s i m u l a t o r  i n c l u d e d  t h r e e  s u r f a c e  c o n d i t i o n s :  hard,  
s i m u l a t e d  smooth l u n a r  s o i l ,  and s i m u l a t e d  coarse  l u n a r  s o i l .  The m u l t i p l e  
a n a l y s i s  o f  v a r i a n c e  used t o  compare t h e  va lues  o b t a i n e d  f r o m  t e s t i n g  w i t h  t h e  
t h r e e  s u r f a c e s  showed t h a t  t h e  s i m u l a t e d  smooth l u n a r  s u r f a c e  e f f e c t e d  a 
g r e a t e r  i n c r e a s e  i n  m e t a b o l i c  r a t e s  than d i d  t h e  h a r d  s u r f a c e  (p<O.OI).  T h i s  
a n a l y s i s  a l s o  r e v e a l e d  an i n t e r a c t i o n  between v e l o c i t y  and s l o p e  i n c l i n e  
(p<O.OI) and between v e l o c i t y  and s l a p e  d i r e c t i o n  (p<O.OI) f o r  t h e  h a r d  sur face .  
These i n t e r a c t i o n s  a r e  d e s c r i p t i v e  o f  t h e  c u r v i l i n e a r  r e l a t i o n s h i p  shown 
i n  F i g u r e  20. A s i m i l a r  i n t e r a c t i o n  was found between v e l o c i t y  and s l o p e  w i t h  
t e s t i n g  on  t h e  smooth s o i l .  The r e s u l t i n g  c u r v i l i n e a r  r e l a t i o n s h i p  i s  shown 
i n  F i g u r e  21. T e s t s  w i t h  t h e  s i m u l a t e d  coarse  l u n a r  s o i l  showed an inc rease 
i n  energy c o s t  when compared t o  t h e  same t a s k s  on t h e  h a r d  s u r f a c e  (p<O.OI). 
There were no d i f f e r e n c e s ,  however, between t h e  va lues  f o r  t e s t i n g  on t h e  
smooth and coarse  sur faces .  
Walk ing  o r  s p r i n t i n g  on a h o r i z o n t a l  h a r d  s u r f a c e  r e s u l t e d  i n  metabol  i c  
r a t e s  w h i c h  were n o t  d i f f e r e n t  f o r  t h e  i n c l  ined-p lane and TOSS s i m u l a t o r s .  
L o p i n g  produced a h i g h e r  energy c o s t  w i t h  TOSS than w i t h  t h e  i n c l i n e d - p l a n e  
s i m u  1 a t o r  ( p<O. 05). 
Locomot ion on t h e  v a r i o u s  s l o p e s  p o i n t e d  o u t  o t h e r  e f f e c t s  r e l a t e d  t o  
t h e  s i m u l a t o r s .  
r a t e s  t h a t  were s y s t e m a t i c a l l y  h i g h e r  f o r  TOSS than f o r  t h e  i n c l i n e d - p l a n e  
Ascending and descending a 7.5-deg s l o p e  produced m e t a b o l i c  
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t h e r e  were no a p p r e c i a b l e  d i f f e r e n c e s ;  t h e  manua l ly  
de termined accep tab le  f o r  g raph ing  purposes. 
The t o t a l  energy r e q u i r e o  t o  pe r fo rm each t a s k  
i n t e g r a t i n g  t h e  area under each m e t a b o l i c - r a t e - v s - t  
t h e  average ove r  t h e  s i x  s u b j e c t s .  
s i m u l a t o r  (p<O.OI). The presence o f  t h e  r o l l  and yaw degrees-of - f reedom 
w i t h  TOSS a l l owed  mot ion  i n  these p lanes and may a f f e c t  t h e  c o s t  o f  locomo- 
t i o n .  S t a t i s t i c a l  t rea tmen t  p o i n t e d  o u t  t h e  s i g n i f i c a n c e  o f  t h e  i n t e r a c t i o n  
between d i r e c t i o n  on t h e  s lope  and t h e  s i m u l a t o r ,  i n d i c a t e d  by t h e  da ta  p l o t s  
i n  F i g u r e s  20 and 21.  Locomot ion on t h e  15-deg s l o p e  aga in  produced h i g h e r  
va lues  on TOSS than on t h e  i n c l i n e d - p l a n e  s i m u l a t o r  (p<O.OI). The i n t e r -  
a c t i o n s  a t  15 deg, however, were ve ry  pronounced, w i t h  i n t e r a c t i o n s  b e i n g  
found  between v e l o c i t y  and s i m u l a t o r  (p<0.05), v e l o c i t y  and s lope  d i r e c t i o n  
(p<O.OI), and s i m u l a t o r  and s l o p e  d i r e c t i o n  (p<O.OI), and f i n a l l y  an i n t e r -  
a c t i o n  between v e l o c i t y ,  s lope  d i r e c t i o n ,  and s i m u l a t o r  (p<0.05). 
The e f f e c t s  no ted  h e r e  a r e  m a i n l y  a f u n c t i o n  o f  d i f f e r e n c e s  between da ta  
f o r  t h e  two s i m u l a t o r s  f o r  u p h i l l  s l o p e  locomot ion .  Locomotion d o w n h i l l  on 
s lopes  up t o  30 deg showed no d i f f e r e n c e s  f o r  t e s t s  per formed on t h e  two simu- 
l a t o r s .  Uphi 1 1  s lopes  r e s u l t e d  i n  e x c e p t i o n a l  l y  h i g h e r  da ta  w i t h  the  T O S S  
s i m u l a t o r  than w i t h  t h e  i n c l i n e d - p l a n e  s i m u l a t o r  ( ~ ( 0 . 0 1 ) .  
T h e  general absence o f  d i f f e r e n c e s  between t h e  da ta  f rom t h e  s i m u l a t o r s  
was r a t h e r  unexpected. T h i s  l a c k  of d i f f e r e n c e  i s  i n  d i r e c t  c o n f l i c t  w i t h  
da ta  r e p o r t e d  prev io,us ly  w i t h  a coun te rwe igh t  6-deg-of - f reedom s i m u l a t o r  
(References 4 and 17). The absence o f  d i f f e r e n c e s  between t h e  da ta  f o r  t h e  
two s i m u l a t o r s  may be due i n  p a r t  t o  t h e  h i g h l y  immobile s u i t  used i n  t h i s  
s tudy .  I f  one o f  t h e  r e l a t i v e l y  m o b i l e  A p o l l o  s u i t s  had been used, i t  i s  
p robab le  t h a t  many more d i f f e r e n c e s  would have been noted, i n c l u d i n g  i n f o r -  
ma t ion  on t h e  e f f e c t s  o f  t h e  presence o r  l a c k  o f  t h e  v a r i o u s  degrees-o f -  
freedom. 
I n  d d d i t i o n  t o  a n a l y s i s  o f  t h e  s t e a d y - s t a t e  m e t a b o l i c  r a t e  data,  t h e  
t i m e  course changes i n  m e t a b o l i c  r a t e s  over  a t e s t  mode were eva lua ted .  
F i g u r e  23 shows t h e  t y p i c a l  f o rm o f  t h e  changes i n  m e t a b o l i c  r a t e s  w i t h  t ime .  
The curves  shown a r e  developed as t h e  average o f  t h e  da ta  f o r  each i n t e r v a l  
f o r  t h e  s i x  s u b j e c t s  s t u d i e s .  The curves  have been f a i r e d  t o  conform t o  t h e  
t h e o r i e s  o f  phys io logy  and a r e  r e p r e s e n t a t i v e  o f  t h e  da ta .  When s e v e r a l  o f  
t h e  manua l ly  f a i r e d  curves  were checked a g a i n s t  a c o m p u t e r - f i t t e d  curve,  
Areas were de termined u s i n g  Simpson's r u l e  o f  
t h a t  t h e  area under a cu rve  can be e s t i m a t e d  by add 
f a i r e d  curves  were 
was de termined by 
me r e l a t i o n s h i p  cu rve  as 
n t e g r a t i o n  which s t a t e s  
ng up t h e  area  o f  po lygons 
f i t t e d  under t h e  curve .  Thus, t h e  t o t a l  a rea  (ene rgy )  f o r  t h e  t y p i c a l  energy 
cos t  cu rve  shown i n  F i g u r e  22 i s  t h e  sum o f  t h e  area  under t h e  p o r t i o n  o f  t h e  
cu rve  from t h e  s t a r t  o f  e x e r c i s e  ( 2  m in )  t o  t h e  end o f  e x e r c i s e  (16 m in )  no ted  
as "a," p l u s  t h e  l o g a r i t h m i c  decay p o r t i o n  o f  t h e  curves  d u r i n g  recovery ,  
no ted  as t h e  c ross  ha tched area  f rom t h e  16 th  min  to  t h e  22nd rnin. 
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Rest  E x e r c i s e  Recovery 
Time, min 
F gure  22. T y p i c a l  T o t a l  Energy Cost Curve 
Tab le  5 presen s t y p i c a l  o b s e r v a t i o n s  f o r  t o t a l  energy and p r o p o r t i o n a l  
energy r e q u i r e d  f o r  locomot ion  a t  1/6 g c a r r y i n g  a 7 5 - l b  pack l oad  (12 .5  I b  
a t  1/6 g )  on t h e  i n c l i n e d  p lane s i m u l a t o r  w i t h  t h e  t r e a d m i l l  h o r i z o n t a l .  The 
da ta  r e p r e s e n t  t h e  3 l ocomot i ve  g a i t s  used, over  t h e  12 v e l o c i t i e s  s t u d i e d .  
Column I c o n t a i n s  t h e  t o t a l  energy r e q u i r e d  d u r i n g  t h e  work phase and t h e  
recovery  p e r i o d  ( t o t a l  a rea  under t h e  cu rve  f rom t h e  2nd t o  t h e  22nd min 
( F i g u r e  22) .  I t  i s  an average o f  t h e  s i x  s u b j e c t s  s t u d i e d .  Column I 1  g i v e s  
t h e  average energy used by t h e  s u b j e c t s  d u r i n g  t h e  work p e r i o d  (a rea  
under t h e  cu rve  f rom t h e  2nd t o  t h e  16th m i n ) .  Column I11 shows t h e  average 
o f  t h e  t o t a l  energy d u r i n g  t h e  recovery  p e r i o d  f o l l o w i n g  e x e r c i s e  ( t h e  c ross -  
ha tched  a rea  under t h e  curve  f rom t h e  1 6 ~ h  t o  t h e  22nd m in ) .  Area "b," t h e  
s o - c a l l e d  oxygen debt ,  r e p r e s e n t s  t h e  energy r e q u i r e d  t o  repay t h e  oxygen 
h f i c i t  a c q u i r e d  d u r i n g  t h e  work phase. Column I V  g i v e s  t h e  r a t i o  o f  pos t  
e x e r c i s e  metabo l ism t o  t h e  t o t a l  energy requ i rement  (ColumnI I I /Column I). 
Column V shows t h e  average t o t a l  energy c o s t  o f  t h e  work per formed (Column V I  
x 14 min) .  Column V I  g i v e s  t h e  average energy c o s t  per m i n u t e  f o r  t h e  
a," 
e x e r c i s e  task ,  (a rea  "a" p l u s  "b" )  d i v i d e d  by 
shows t h e  a c t u a l  average s t e a d y - s t a t e  metabol  
p o r t i o n  o f  t h e  e x e r c i s e  p e r i o d .  
Severa l  o t h e r  f a c t s  can be d e r i v e a  f rom 
14 min.  F i n a l l y  Column V I 1  
c r a t e  measured d u r i n g  t h e  l a s t  
t h e  t a b l e  o f  t o t a l  and p r o p o r t i o n a l  
energy (Tab le  5 ) .  
oxygen repayment p e r i o d  energy t o  t h e  t o t a l  energv f o r  p e r f o r m i n g  t h e  e x e r c i s e  
i s  r e l a t i v e l y  c o n s t a n t  even though t h e  m e t a b o l i c  c o s t  i s  inc reased t h r e e  t o  
f o u r  t imes. T h i s  phenomenon i s  n o t  unders tood a t  t h i s  t ime. Another  f a c t o r  
o f  impor tance i n  t h e  t a b l e  l i e s  i n  t h e  comparison o f  t h e  f i f t h  and s i x t h  columns. 
The f o u r t h  column o f  t h e  t L b l e  shows t h a t  t h e  r a t i o  o f  t h e  
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F i g u r e  23. Time Course Changes i n  M e t a b o l i c  Rates f o r  W a l k i n g  
on  t h e  I n c l  ined-Plane S i m u l a t o r  
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The f i f t h  column i s  d e r i v e d  by  d i v i d i n g  t h e  t o t a l  energy r e q u i r e d  t o  pe r fo rm 
each t a s k  by  14 ( t h e  number o f  m inu tes  the  s u b j e c t s  e x e r c i s e d ) .  T h i s  p r o v i d e s  
a measure o f  t h e  average energy p e r  u n i t  t ime  ( k c a l / m i n )  used t o  pe r fo rm each 
mode and i s  comparable t o  t h e  s t e a d y - s t a t e  m e t a b o l i c  r a t e s  shown i n  the  s i x t h  
column. Comparison o f  t h e  va lues  shown i n  these columns i n d i c a t e s  t h a t  the  
t o t a l  energy f o r  pe r fo rm ing  a t e s t  can be e v a l u a t e d  s i m p l y  by measur ing the  
s t e a d y - s t a t e  v a l u e  and m u l t i p l y i n g  by  t h e  t o t a l  t i m e  the  e x e r c i s e  i s  per formed.  
I t  must be no ted  t h a t  t h i s  c o n s i d e r a t i o n  would o n l y  h o l d  f o r  a t a s k  repeated  
long enough f o r  t h e  i n d i v i d u a l  t o  reach a t r u e  s t e a d y - s t a t e .  Tab le  5 i s  
r e p l i c a t e d  f o r  a l l  such da ta  i n  t h e  d e t a i l e d  r e p o r t  o f  t h i s  program. 
A l though i t  was i n i t i a l l y  thought  t h a t  t h e  energy c o s t  o f  locomot ion  
would be inc reased on t h e  l una r  s u r f a c e  (Reference 18),  t h e  use o f  a r t i f i c i a l -  
g r a v i t y  s i m u l a t o r s  has proven i t  w i l l  be l e s s  (References 4 ,  5, 6, and 19). 
Cur ren t  t e s t  r e s u l t s  suppor t  t h i s  l a t ' t e r  t h e s i s .  
F i g u r e  24 presen ts  most o f  t h e  da ta  a v a i l a b l e ,  i n c l u d i n g  those o b t a i n e d  
by t h i s  e f f o r t  on t h e  energy c o s t  o f  l ocomot ion  d u r i n g  s i m u l a t e d  1/6 g i n  m u f t i .  
The summary da ta  f o r  t he  I - g  da ta  i s  p repared  a f t e r  Passmore and D u r i n  (Re fe r -  
ence 2 0 ) .  The curves  shown a r e  t r e n d  l i n e s  drawn by v i s u a l  averag ing .  It i s  
r e a d i l y  apparent  t h a t  t he  lower  cu rve  drawn f o r  t h e  1/6-g da ta  i s  a reasonab le  
f i t  f o r  a l l  t h e  da ta  f rom the  t h r e e  d i f f e r e n t  t e s t  s e r i e s .  I t  i s  s i g n i f i c a n t  
t h a t  t h e  da ta  f o r  these t e s t s  were o b t a i n e d  by  d i f f e r e n t  techniques. .  
The da ta  shown i n  F i g u r e  24 d r a m a t i c a l l y  p o i n t  o u t  t h e  decrease i n  meta- 
b o l i c  r a t e  w i t h  decreased g r a v i t y .  When c o n s i d e r i n g  l ocomot ion  i n  t h e  reduced- 
g r a v i t y  env i ronment ,  seve ra l  parameters  such as g a i t  and t r a c t i o n  a r e  r e l e v a n t .  
A s i m p l i f i e d  v iew o f  t h e  prob lem i s  t o  c o n s i d e r  l ocomot ion  as analogous t o  
w a l k i n g  w h i l e  c a r r y i n g  we igh ts .  As g r a v i t y  i s  reduced, t h e  w e i g h t  c a r r i e d  i s  
reduced concomi tan t l y ,  and t h e  energy r e q u i r e d  f o r  compara t ive  l ocomot i ve  tasks  
i s  s i m i l a r l y  reduced. W o r t t  (Reference I )  desc r ibed  a s e r i e s  o f  exper iments  
t h a t  con f i rmed  t h e  above by a d d i n g  w e i g h t s  t o  the  s u b j e c t s  t o  r e t u r n  them t o  
t h e i r  I - g  e q u i v a l e n t  w e i g h t  w i t h  m e t a b o l i c  r a t e s  t h a t  were s i m i l a r  t o  I - g  t e s t s .  
These r e s u l t s  s u b s t a n t i a t e  t h e  concept  t h a t  we igh t  r e d u c t i o n  i s  a p r i m a r y  
mechanism i n  p roduc ing  metabol  i c  c o s t s  f o r  l ocomot ion  t h a t  a r e  lower  a t  reduced 
g r a v i t y  than  a t  I 9. 
The f a c t o r s  o f  t r a c t i o n  a r e  a l s o  impor tan t .  T h i s  i s  amply demonstrated by 
a s i g n i f i c a n t  decrease i n  t h e  e f f i c i e n c y  o f  l ocomot ion  even though t h e  t o t a l  
energy e x p e n d i t u r e  i s  d r a m a t i c a l l y  reduced w i t h  reduced g r a v i t y .  T h i s  r e l a t i o n -  
s h i p  was c o g e n t l y  i l l u s t r a t e d  by  t h e  da ta  of  Rober tson and Wortz (Reference 16), 
wh ich  show t h a t  t h e  energy c o s t  p e r  k g  o f  body we igh t  a t  l u n a r  g r a v i t y  i s  
s i g n i f i c a n t l y  h i g h e r  than  f o r  Comparative tasks  a t  I 9, i n d i c a t i n g  a s u b s t a n t i a l  
r e d u c t i o n  i n  e f f i c i e n c y .  
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Figure  24. Energy Cost f o r  Walking and Running a t  I G 
and 1/6 G, Horizonta1,Without Pressure S u i t  
4 1  
F i s u r e  25 summarizes t h e  d a t a  a v a i l a b l e  f o r  t h e  m e t a b o l i c  c o s t  o f  locomo- 
t i o n  i n  v a r i o u s  p r e s s u r e  s u i t s  a t  1 g (References 17, 21, and 22) .  These d a t a  
a r e  shown t o  i n d i c a t e  t h e  m o b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  s u i t s  and f o r  
comparisons w i t h  t h e  1/6-g data shown i n  F i g u r e  26. Three o f  t h e  s u i t s  charac-  
t e r i z e d  i n  F i g u r e  25 were developed as e a r l y - g e n e r a t i o n  A p o l l o  s u i t s .  These 
s u i t s  a r e  t h e  L i t t o n  RX-ZA,  t h e  I n t e r n a t i o n a l  L a t e x  C o r p o r a t i o n  p r e - p r o t o t y p e  
s u i t  ILC, and t h e  A5L. The G-2C manufactured by D a v i d  C l a r k ,  t h e  ILC, and 
t h e  A5L s u i t s  a l l  r e p r e s e n t  a p p r o x i m a t e l y  t h e  same w e i g h t  p e n a l t y  t o  t h e  
s u b j e c t .  I n  c o n t r a s t  t o  t h i s ,  t h e  RX-2A weighed 83 Ib ,  a p e n a l t y  o f  a p p r o x i -  
mate ly  50 l b  over  o t h e r  s u i t s .  
The curves  shown f o r  these d a t a  a r e  f a i r e d  curves.  The va lues  a r e  so  
d i v e r s e  between s u i t s ,  however, t h a t  c e r t a i n  c o n c l u s i o n s  can be drawn. F i r s t  
and most impor tant ,  t h e  development o f  m o b i l e  j o i n t s  has l e a d  t o  t h e  e v o l u t i o n  
o f  s u i t s  w h i c h  a l l o w  l o c o m o t i o n  a t  g r e a t l y  reduced m e t a b o l i c  c o s t .  The A5L, 
c r i t e r i a .  The G-2C s u i t  i s  t h e  l e a s t  m o b i l e  o f  t h e  s o f t - s u i t  concepts.  The 
RX-2A i s  a h a r d  s u i t ,  w e i g h i n g  83 I b .  The e x t r e m e l y  h i g h  m e t a b o l i c  c o s t  o f  
locomot ion  w i t h  t h e  RX-2A s u i t  was a f u n c t i o n  o f  c a r r y i n g  t h a t  e x c e s s i v e  
we igh t ,  r a t h e r  t h a n  b e i n g  r e l a t e d  t o  t h e  m o b i l i t y  o f  t h e  s u i t .  
I t h e  l a t e s t  ILC s u i t ,  i s  by  f a r  t h e  m o s t  m o b i l e  d e s i g n  based on t h e  p r e s e n t  
Comparing t h e  s h i r t - s l e e v e  d a t a  o f  Passmore and D u r i n  ( F i g u r e  24)  w i t h  
t h e  s u i t e d  d a t a  o f  F i g u r e  25 a t  t h e  I -  and 2-rnph v e l o c i t y  i n t e r v a l s  shows 
t h a t  t h e  t h r e e  r e l a t i v e l y  r i g i d  s u i t s  i n c r e a s e d  t h e  m e t a b o l i c  c o s t  250 p e r c e n t .  
The more m o b i l e  A5L s u i t  i n c r e a s e d  t h e  c o s t  o f  l o c o m o t i o n  by o n l y  150 p e r c e n t .  
I t  s h o u l d  a l s o  be n o t e d  t h a t  t h e  d a t a  f o r  s u i t e d  s u b j e c t s  reached 8 . 4  k c a l / m i n  
(2000 B t u / h r )  a t  a v e l o c i t y  o f  o n l y  2 mph, w h i l e  i n  m u f t i  t h i s  l e v e l  was n o t  
reached u n t i l  5 mph. 
F i g u r e  26 rev iews t h e  metabol  i c  c o s t  o f  locomot ion  i n  p r e s s u r i z e d  s u i t s  
i n  s i m u l a t e d  l u n a r  g r a v i t y  env i ronment  (References 5 and 17) 
d a t a  f rom t h i s  e f f o r t .  When compared t o  t h e  I - g  d a t a  f rom F i g u r e  26, t h e  
decreased t o t a l  energy c o s t  o f  l o c o m o t i o n  f o r  s u i t e d  s u b j e c t s  i s  obv ious.  The 
e v a l u a t i o n  o f  t h e  s h i r t - s l e e v e  d a t a  shown i n  F i g u r e  24 e x p l a i n s  t h i s  decreased 
energy c o s t .  
t h e  da ta  f o r  s u i t  t e s t s  show s i m i l a r  increments i n  metabol  i c  c o s t s  as r e p o r t e d  
f o r  t h e  I - g  d a t a  as  a f u n c t i o n  o f  t h e  s u i t  worn. 
i n c l u d i n g  t h e  
When compared t o  t h e  s h i r t - s l e e v e  da ta  f o r  1/6-g t e s t s  i n  F i g u r e  24, ,  
The upper c u r v e  i n  F i g u r e  26 p r e s e n t s  t h e  d a t a  c o n t a i n e d  e lsewhere i n  
t h i s  r e p o r t  f o r  b o t h  t h e  i n c l i n e d - p l a n e  and t h e  TOSS s i m u l a t o r s .  As  shown 
by t h e  f i t  o f  t h e  f a i r e d  c u r v e  and t h e  a n a l y s i s  o f  v a r i a n c e ,  t h e r e  i s  no 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between t h e  d a t a  f r o m  t h e  two s i m u l a t o r s  
w i t h  t h e  Gemini p r e s s u r e  s u i t .  From t h e s e  data,  i t  m u s t  be conc luded t h a t  
t h e  Gemini p r e s s u r e  s u i t  imposed t h e  g r e a t e s t  r e s t r i c t i o n  t o  locomot ion  and 
i n c u r r e d  t h e  h i g h e s t  m e t a b o l i c  c o s t  o f  t h e  s u i t s  shown here .  
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V e l o c i t y ,  mph S-42642 - A  
F i g u r e  26. Energy Cost f o r  Walk ing  and Running a t  1/6 G ,  
H o r i z o n t a l ,  P r e s s u r i z e d  S u i t s ,  on a Leve l  Hard Sur face  
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The da ta  f o r  t h e  A5L and t h e  RX-2A s u i t s  have been desc r ibed  p r e v i o u s l y  
(Reference 17).  I n  compar ing da ta  f o r  t h e  Gemini s u i t ,  t h e  g r e a t e r  m o b i l i t y  
o f  these s u i t s  i s  apparent .  The d i f f e r e n c 2 s  between the  i n c l i n e d - p l a n e  and 
the  gimbal da ta  were o r i g i n a l  l y  a t t r i b u t e d  t o  the  m i s s i n g  degrees-of - f reedom 
i n  the  i n c l i n e d  p l a n e  r e q u i r i n g  energy (References 17 and 18). The lower  
d a t a  w i t h  the  gimbal, shown i n  F i g u r e  26, may have r e s u l t e d  f rom the  s u b j e c t s  
u s i n g  the  counterba lance o f  t h a t  s i m u l a t o r  t o  t h e i r  mechanica l  advantage. 
c o n f l  i c t i n g  ev idence on the  e f f e c t s  o f  degrees-of - f reedom i s  n o t  f u l l y  
understood.  
The 
R e l a t i o n s h i p  Between Hear t  Rate and Metabol  i c  Rate 
To e v a l u a t e  t h e  e f f e c t  o f  da ta  d i s p e r s i o n  on t h e  p r e d i c t i o n s  o f  m e t a b o l i c  
F i g u r e  27(A) r a t e  f rom h e a r t  ra tes ,  a l a r g e  p o p u l a t i o n  o f  va lues  was prepared.  
i s  a p l o t  o f  500 data  p o i n t s  r e l a t i n g  h e a r t  r a t e  and m e t a b o l i c  r a t e .  The mean 
+ I  s tandard  d e v i a t i o n  over  t h e  500 h e a r t  r a t e s  i s  117.6 530.7 beats/min, w h i l e  
f o r  t h e  m e t a b o l i c  r a t e s  t h e  v a l u e  was 7.01 23.56 kca l /min .  The c e n t r a l  s o l i d  
l i n e  i s  t he  r e g r e s s i o n  1 i ne  w i t h  respec t  t o  y and i s  expressed by t h e  e q u a t i o n  
y = 69.24 + 69. l x .  The broken l i n e  on e i t h e r  s i d e  o f  t h i s  r e g r e s s i o n  1 i n e  i s  
t h e  v a l u e  o f  two s tandard  d e v i a t i o n s  from t h e  mean r e g r e s s i o n  l i n e s .  The regres-  
s i o n  l i n e  w i t h  respec t  t o  x i s  shown by t h e  broken c e n t e r  l i n e  and i s  expressed 
b y  t h e  e q u a t i o n  x = -2. I I  +O.O8y; t h e  s o l i d  l i n e s  a r e  +2 s tandard  d e v i a t i o n s  f r o m  
t h i s  l i n e .  
A c o r r e l a t i o n  o f  0.80 was found f o r  t h e  r e l a t i o n s h i p  between h e a r t  r a t e  
and m e t a b o l i c  r a t e .  T h i s  r e l a t i v e l y  h i g h  c o r r e l a t i o n  i n  t h e  presence o f  t h e  
obv ious  d i s p e r s i o n  o f  da ta  p o i n t s  i s  a r e s u l t  o f  t h e  e x t e n s i v e  range o f  b o t h  
h e a r t  r a t e  and metabol  i c  r a t e .  
A complete a n a l y s i s  of these curves  y i e l d s  a s tandard  e r r o r  i n  d e t e r m i n i n g  
t h e  h e a r t  r a t e  f rom a g i v e n  m e t a b o l i c  r a t e  o f  18.42 beats/min.  The s tandard  
e r r o r  o f  metabol  i c  ra te ,  g i v e n  a h e a r t  ra te ,  equa ls  2. 14 kca l /min .  These 
s tandard  e r r o r s  rep resen t  the  u t i l i t y  o f  these da ta  i n  p r e d i c t i n g  t h e  v a l u e  
o f  e i t h e r  v a r i a b l e ,  hav ing  the  va lue  o f  t h e  o t h e r .  I n d i v i d u a l  s u b j e c t  v a r i a -  
b i l  i t y  i s  i l l u s t r a t e d  i n  F i g u r e  27(B). The techn ique o f  p r e d i c t i n g  metabol  i c  
r a t e  from h e a r t  r a t e  leaves much t o  be des i red .  
Summary o f  Observa t ions  on the  P h y s i o l o g i c a l  Parameters 
The f o l l o w i n g  1 i s t  summarizes t h e  genera l  o b s e r v a t i o n s  on  t h e  p h y s i o l o g i c a l  
v a r  i ab1 es e v a l u a t e d  du r  i ng t h i  s program: 
I .  M e t a b o l i c  r a t e s  f o r  l ocomot i ve  tasks  a r e  lower  a t  s i m u l a t e d  l u n a r  g r a v i t y  
than a t  I g. 
2. The forms o f  the curves  f o r  changes i n  m e t a b o l i c  r a t e s  w i t h  t ime conform 
t o  accepted p h y s i o l o g i c a l  p r i n c i p l e s .  
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F igu re  27.  P l o t  o f  Data Po in ts  R e l a t i n g  
Hear t  Rate and Metabol i c R a t e  
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3. The t o t a l  energy c o s t  o f  locomot ion  on the  i n c l i n e d - p  
inc reased w i t h  v e l o c i t y  f o r  a l l  g a i t s .  There were no 
s i g n i f i c a n t  d i f f e r e n c e s  i n  energy expend i tu re  between 





9 .  
ane s i m u l a t o r  
s t a t i s t i c a l l y  
g a i t s  f o r  
p e r f o r m i n g  a g i ven  v e l o c i t y  where such da ta  c o u l d  be compared. 
As  expected, t he  t o t a l  c o s t  o f  locomot ion  i n  m u f t i  on the  i n c l i n e d - p l a n e  
s i m u l a t o r  i s  lower  than f o r  t e s t s  w i t h  p ressu re  s u i t s .  W i t h  s u b j e c t s  i n  
s h i r t  s leeves,  l o p i n g  had a h i g h e r  energy c o s t  than t h e  o t h e r  l ocomot i ve  
g a i t s .  The absence o f  d i f f e r e n c e s  f o r  l o p i n g  i n  a s u i t  must r e s u l t  as 
an e f f e c t  o f  t he  s u i t  c o n s t r a i n t s  masking t h i s  e f f e c t .  
Tota.1 m e t a b o l i c  c o s t s  f o r  l o a d - c a r r y i n g  on  t h e  i n c l  ined-p lane s i m u l a t o r  
inc reased as  a f u n c t i o n  o f  v e l o c i t y .  However, t h e r e  were no d i f f e r e n c e s  
w i t h i n  g a i t s  f o r  the  t h r e e  loads c a r r i e d .  Thus, more work was b e i n g  
per fo rmed w i t h  t h e  same energy, i n d i c a t i n g  an inc rease i n  e f f i c i e n c y  as 
a r e s u l t  o f  inc reased we igh t .  T h i s  inc reased e f f i c i e n c y  may r e s u l t  from 
t h e  inc reased t r a c t i o n  ga ined by the  added w e i g h t  as  t h e  l o a d  i s  increased.  
T o t a l  energy cos ts  were h i g h e r  f o r  ascend ing  s lopes  than  f o r  h o r i z o n t a l  
locomot ion.  Energy c o s t s  f o r  ascend ing  s lopes  and f o r  h o r i z o n t a l  locomo- 
t i o n  were h i g h e r  than f o r  descending. An increased l o a d  f u r t h e r  inc reases  
t h e  c o s t  o f  l ocomot ion  on s lopes .  
T e s t i n g  on  the  TOSS s i m u l a t o r  showed a n  inc rease  i n  t o t a l  energy as a 
f u n c t i o n  o f  v e l o c i t y .  I n  a d d i t i o n ,  t h e  energy c o s t  f o r  t he  l o p i n g  g a i t  
was h i g h e r  than f o r  e i t h e r  w a l k i n g  o r  runn ing  a t  the  same v e l o c i t i e s .  
T h i s  i s  i n  d i r e c t  c o n t r a s t  t o  the  i n c l i n e d - p l a n e  r e s u l t s .  
Ascending s lopes  i n  t h e  TOSS s i m u l a t o r  inc reased t o t a l  energy requi rements,  
wh ich  were f u r t h e r  inc reased w i t h  each inc rease  i n  v e l o c i t y .  A l though  
v e l o c i t y  inc reased the  t o t a l  energy f o r  descending s lopes,  t he  energy 
c o s t  was lowered by descending s lopes  w i t h i n  a g i ven  v e l o c i t y .  The c o s t s  
f o r  go ing  d o w n h i l l  were lower  than f o r  h o r i z o n t a l  locomot ion .  
Sub jec ts  c o u l d  no t  n e g o t i a t e  the  30-deg u p h i l l  s l ope  i n  the  TOSS s i m u l a t o r  
except  a t  I km/hr, and then o n l y  f o u r  s u b j e c t s  c o u l d  accompl ish  t h e  t e s t .  
None o f  t he  s u b j e c t s  c o u l d  c l i m b  t h e  15-deg s lope  a t  8 km/hr. I n  each 
case where t h e  r e q u i r e d  mode c o u l d  n o t  be performed, t h e  s u b j e c t  c o u l d  
n o t  develop t h e  r e q u i r e d  t r a c t i o n  t o  keep u p  w i t h  t h e  t r e a d m i l l .  S ince 
these t e s t s  mandated c o n s t a n t - v e l o c i  t y  locomot ion,  however, these da ta  
shou ld  n o t  be i n t e r p r e t e d  as i n d i c a t i n g  t h a t  s lopes  up t o  30 deg c o u l d  
n o t  be nego t ia ted .  The c o n c l u s i o n  t h a t  can be drawn i s  t h a t  l ocomot ion  
on s teep s lopes  has ex t reme ly  h i g h  energy c o s t  and shou ld  be avoided.  
IO. Locomotion on a s i m u l a t e d  l u n a r  s o i l  inc reases  t h e  energy c o s t  o f  
l ocomot ion  ove r  t h a t  observed w i t h  a normal t r e a d m i l  1 su r face .  
I I .  Ascending o r  descending s lopes  on the  s i m u l a t e d  smooth l u n a r  s o i l  had 













The increased c o s t  o f  l ocomot ion  on the  s i m u l a t e d  l u n a r  s o i l  r e s u l t s  
from the  loss  o f  t r a c t i o n  due t o  shear ing  o f  t he  s o i l .  S i m i l a r  r e s u l t s  
were no ted  f o r  h o r i z o n t a l  locomot ion  on the s i m u l a t e d  coarse l u n a r  s o i l .  
T,e r a t i o s  o f  oxygen repayment t o  t o t a l  oxygen c o s t  f o r  a g i v e n  mode were 
reasonab ly  cons tan t  even though t h e  t o t a l  metabol  i c  c o s t  inc reased t h r e e  
t o  f o u r  t imes. T h i s  phenomenon i s  n o t  unders tood a t  t h i s  t i m e .  
The average energy pe r  u n i t  t ime  i n  k c a l / m i n  c l o s e l y  corresponds t o  the  
s t e a d y - s t a t e  va lues  measured f o r  each task.  T h i s  would i n d i c a t e  t h a t  
t h e  t o t a l  energy f o r  a t a s k  can be s i m p l y  e v a l u a t e d  by measur ing t h e  
s t e a d y - s t a t e  va lue  and m u l t i p l y i n g  by t h e  t o t a l  t ime  t h e  e x e r c i s e  
i s  performed. 
f o r  a t a s k  repeated  l o n g  enough f o r  a s t e a d y - s t a t e  c o n d i t i o n  t o  be 
reached. 
I t  must be no ted  t h a t  t h i s  c o n s i d e r a t i o n  would h o l d  o n l y  
S teady -s ta te  metabol  i c  c o s t s  a r e  s i g n i f i c a n t l y  inc reased by  v e l o c i t y .  
Comparisons o f  r e q u i  rements between g a i t s  t o  p e r f o r m  t h e  same v e l o c i t y  
on the  i n c l  ined-p lane s i m u l a t o r  i n d i c a t e  t h a t  based on metabol i c  r a t e  
alone, t h e r e  would be 1 i t t l e  c h o i c e  between g a i t s  w i t h  a 7 5 - l b  ( l g )  pack. 
Lop ing  i n  m u f t i  r evea led  a much h i g h e r  s t e a d y - s t a t e  c o s t  t han  o t h e r  g a i t s  
a t  t h e  same v e l o c i t y .  
fo rm a n t i g r a v i t y  work. 
T h i s  i s  undoubted ly  due t o  t h e  added c o s t  t o  p e r -  
There were no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between c a r r y i n g  
t h e  7 5 - l b  o r  240 - lb  packs on the  i n c l i n e d - p l a n e  s i m u l a t o r .  Lower r a t e s  
were no ted  w i t h  t h e  400- lb  pack. These f i n d i n g s  suppor t  the  t h e s i s  o f  
b e t t e r  e f f i c i e n c y  o f  work due t o  inc reased t r a c t i o n  as a f u n c t i o n  o f  
inc reased we igh t .  
A l l  s u b j e c t s  c o u l d  pe r fo rm a t  v e l o c i t i e s  rang ing  f rom 8 t o  12.8 km/hr 
on t h e  h a r d  s u r f a c e  w i t h  t h e  i n c l i n e d - p l a n e  s i m u l a t o r  f o r  p e r i o d s  o f  
I h r  e i t h e r  s u i t e d  o r  i n  m u f t i  a t  1/6 g. 
F a t i g u e  t e s t s  o f  4 -hr  d u r a t i o n  were a t tempted  w h i l e  s u i t e d  and p ressu r i zed ,  
and o n l y  one s u b j e c t  was a b l e  t o  complete a 4 - h r  t e s t .  T h i s  t e s t  was 
run  a t  9.7 km/hr on a h o r i z o n t a l  ha rd  su r face .  The ext reme f a t i g u e  o f  
t he  s u b j e c t  i n d i c a t e d  t h a t  such modes shou ld  be avoided.  
S teady -s ta te  m e t a b o l i c  c o s t s  were h i g h e r  f o r  ascending s lopes  than f o r  
h o r i z o n t a l  locomot ion .  Downhil 1 l ocomot ion  decreased t h e  metabol  i c  
c o s t  below t h a t  r e q u i r e d  f o r  h o r i z o n t a l  locomot ion .  
The s t e a d y - s t a t e  da ta  w i t h  t h e  TOSS s i m u l a t o r  showed h i g h e r  energy c o s t  
f o r  l o p i n g  than f o r  o t h e r  g a i t s  a t  t h e  same v e l o c i t y .  
D i f f e r e n c e s  i n  d a t a  f o r  w a l k i n g  and runn ing  on a h o r i z o n t a l  h a r d  s u r f a c e  
were n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  t h e  i n c l i n e d - p l a n e  o r  t h e  TOSS 
s i m u l a t o r s .  
than w i t h  the  i n c l i n e d - p l a n e  s i m u l a t o r .  
Lop ing  produced a h i g h e r  energy c o s t  w i t h  the  TOSS s i m u l a t o r  
23. Locomot ion on the  u p h i l l  s l opes  showed t h e  TOSS s i m u l a t o r  d i f f e r i n g  f rom 
the  i n c l  ined-p lane s i m u l a t o r  because o f  t h e  s u b j e c t s '  s t a b i l  i t y  problems. 
Downh i l l  s lopes  d i d  n o t  produce any d i f f e r e n c e s  between s i m u l a t o r s .  
24. The genera l  absence o f  d i f f e r e n c e s  between s i m u l a t o r s  i n  t h i s  s tudy  may 
have r e s u l t e d  f rom the  use o f  t h e  h i g h l y  immobile p ressu re  s u i t  used i n  
these t e s t s .  Tes ts  must be per fo rmed i n  more m o b i l e  s u i t s  o r  i n  m u f t i  
t o  p roper1  y eva 1 u a t e  any d i f fe rences  between s imu 1 a t o r s .  
25. T e s t i n g  w i t h  p r e s s u r i z e d  s u i t s  a t  I g w i l l  t end  t o  d i f f e r e n t i a t e  between 
t h e  s u i t s ,  based on m o b i l i t y ,  as l o n g  as t h e  t o t a l  system we igh t  i s  s i m i l a r .  
26. The m o b i l e  A5L s u i t  was shown i n  o t h e r  s t u d i e s  t o  i nc rease  t h e  c o s t  o f  
l ocomot ion  by  150 p e r c e n t  o v e r  the  s h i r t - s l e e v e  c o n d i t i o n .  I n  t h i s  
study, t h e  more r i g i d  Gemini s u i t  i nc reased  the  m e t a b o l i c  r a t e  by  250 
pe rcen t . 
27. Hear t  r a t e s  a r e  p o s i t i v e l y  c o r r e l a t e d  w i t h  m e t a b o l i c  ra tes ,  r = 0.80. 
Us ing  t h e  r e g r e s s i o n  techn ique  o f  e v a l u a t i n g  m e t a b o l i c  r a t e s  f rom h e a r t  
ra tes ,  t h e  accuracy  t h a t  c o u l d  be o b t a i n e d  f rom 500 o b s e r v a t i o n s  was 
*2. 14 kca l /m in  f o r  any measured h e a r t  ra te .  The u t i l i t y  o f  t h i s  techn ique  
i s  l i m i t e d ,  and e s t i m a t i o n  o f  m e t a b o l i c  r a t e s  f rom h e a r t  r a t e s  has b a s i c  
i nhe r e n t  e r r o  r s  . 
28. Hear t  r a t e  and m i n u t e  v e n t i l a t o r y  volume a r e  p o s i t i v e l y  c o r r e l a t e d  w i t h  
r = 0.79. 
29. R e s p i r a t o r y  r a t e s  were o f  1 i t t l e  use i n  these s tud ies ,  o t h e r  than  t o  
m o n i t o r  t h e  emot iona l  s t a t e  o f  t he  s u b j e c t  d u r i n g  r e s t  p e r i o d s  as a 
check f o r  h y p e r v e n t i l a t i o n .  
49 
KINEMATIC DATA 
The fundamental c o n s i d e r a t i o n s  o f  Hewes, Spady and H a r r i s  (Reference 2 )  
were used i n  t h e  a n a l y s i s  o f  l o c o m o t i o n / g a i t  c h a r a c t e r i s t i c s .  The p r i n c i p a l  
l ocomot ion  g a i t s  employed by man a r e  w a l k i n g  and runn ing .  
accep ted  d i s t i n c t i o n  between them i s  t h a t  i n  wa lk ing ,  t h e r e  i s  double suppor t  
( i .e . ,  b o t h  f e e t  a r e  on t h e  ground sometime d u r i n g  any g i v e n  s t r i d e ) ,  and i n  
running,  double suppor t  i s  absent  ( i . e . ,  b o t h  f e e t  a r e  s imu l taneous ly  o f f  t h e  
ground sometime d u r i n g  any g i v e n  s t r i d e ) .  Locomotion w i t h o u t  double suppor t  
can be f u r t h e r  d i v i d e d  i n t o  l o p i n g  and s p r i n t i n g .  The lope, t y p i c a l  o f  t he  
lower  runn ing  speeds, i s  c h a r a c t e r i z e d  by a long, l e a p i n g  s t r i d e ,  n o r m a l l y  
ach ieved  w i t h  a r e l a t i v e l y  low s tepp ing  ra te .  The s p r i n t ,  wh ich  u t i l i z e s  a 
s h o r t  s t r i d e  w i t h  a f a s t  s t e p p i n g  ra te ,  ach ieves  h i g h e r  t i n n i n g  speeds. These 
a u t h o r s  (Reference 18) p r o v i d e  a conven ien t  method, termed locomot i ve  index, 1, 
and d e f i n e d  as t h e  r a t i o  O F  l e g  swing  t o  l e g  s t roke ,  t o  d i f f e r e n t i a t e  between 
w a l k i n g  and runn ing .  When t h e  c a l c u l a t e d  locomot ive  index i s  l e s s  than I ,  t h e  
s u b j e c t  i s  w a l k i n g ;  when t h e  index  i s  g r e a t e r  than I, t h e  s u b j e c t  i s  runn ing .  
The g e n e r a l l y  
The R e l a t i o n  o f  Locomot ive Index, Step Rate, and S t r i d e  Length  
The t h r e e  v a r i a b l e s  of  l ocomot i ve  index, s t e p  ra te ,  and s t r i d e  l e n g t h  
a r e  p resen ted  t o g e t h e r  i n  F i g u r e s  28 t h rough  36, s i n c e  changes i n  one parameter  
must a l s o  be r e f l e c t e d  i n  changes i n  t h e  o t h e r  two. 
F i g u r e  28 shows t h e  da ta  f o r  a p r e s s u r e - s u i t e d  s u b j e c t  c a r r y i n g  a 7 5 - l b  
l o a d  on the  h o r i z o n t a l  i n c l  ined-p lane t r e a d m i l l .  I t  can be seen i n  t h i s  f i g u r e  
t h a t  s t r i d e  length ,  s t e p  ra te ,  and locomot i ve  index  7 a l l  i nc rease  as v e l o c i t y  
increases.  I t  i s  a l s o  apparent  t h a t  s t e p  r a t e  and locomot ive  index d i s t i n c t l y  
d i f f e r  between g a i t s ,  w h i l e  t h e  v e l o c i t y  e f f e c t  on s t r i d e  l e n g t h  f o r  runn ing  
i s  a c o n t i n u a t i o n  o f  t h a t  f o r  wa lk inq .  Locomot ive index s i g n i f i c a n t l y  inc reases  
w i t h  v e l o c i t y  f o r  w a l k i n g  (p<O.OI). 
index f o r  t he  runn ing  o r  l o p i n g  modes, however, i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
Locomot ive index  i s  a l s o  s i g n i f i c a n t l y  d i f f e r e n t  f o r  each o f  t h e  g a i t s  (p<O.Ol).~ 
The e f f e c t  o f  v e l o c i t y  on l ocomot i ve  
Step r a t e  i s  s i q n i f i c a n t l y  a f f e c t e d  by  v e l o c i t y  i n  the  w a l k i n g  (p<O.OI), 
and l o p i n g  modes (p<0.05). 
v e l o c i t y  changes between 8 and 12.8 km/hr d u r i n g  the  runn ing  g a i t .  On the  
o t h e r  hand, s tep  r a t e  i s  s i g n i f i c a n t l y  d i f f e r e n t  f o r  each o f  t he  t h r e e  g a i t s .  
Step r a t e  was n o t  s i g n i f i c a n t l y  a l t e r e d  by  
F i g u r e  29 i l l u s t r a t e s  t h e  e f f e c t s  on these parameters when a 240- lb  
pack i s  c a r r i e d .  Locomot ive index  s i q n i f i c a n t l y  inc reased w i t h  v e l o c i t y  f o r  
b o t h  the  w a l k i n g  and l o p i n g  modes (~K0.01) .  There was no v e l o c i t y  e f f e c t  on 
locomot ive  index d u r i n g  the  runn ing  mode. The locomot ive  index between the  
t h r e e  g a i t s  w i t h  t h i s  pack, however, was s i g n i f i c a n t l y  d i f f e r e n t  (p<O.OI). 
The t r e n d  o f  s t e p  r a t e  da ta  w i t h  t h e  240- lb  pack i s  s i m i l a r  t o  t h a t  
w i t h  the  7 5 - l b  pack. Locomot ive index i s  s i g n i f i c a n t l y  d i f f e r e n t  between 
g a i t s  ( P < O . O l )  and s i g n i f i c a n t l y  inc reases  by v e l o c i t y  f o r  w a l k i n g  and 
l o p i n g  (p<O.Ol). 
s i g n i f i c a n t .  
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The da ta  f rom t e s t s  w i t h  two s u b j e c t s  c a r r y i n g  400- lb  packs a 
i n  F i g u r e  30. Because o f  t h e  smal l  number o f  sub jec ts ,  s t a t i s t i c a  
o f  the  da ta  i s  n o t  r e l e v a n t .  General o b s e r v a t i o n s  f rom the 400- lb  
however, a r e  s i m i l a r  t o  t h e  75- and 240- lb  pack c o n d i t i o n s .  These 
e r a l l y  inc reases  i n  s t e p  r a t e ,  s t r i d e  length ,  and locomot i ve  index 
c r e a s i n g  v e l o c i t i e s ,  and t h e r e  a re  marked d i s t i n c t i o n s  between a l l  
f o r  these dependent v a r i a b l e s .  
e p resen ted  
t reatrnent 
pack data, 
a re  gen- 
w i t h  i n -  
t h r e e  g a i t s  
Wi th  respec t  t o  d i f f e r e n c e s  between packs, t h e  o n l y  s i g n i f i c a n t  e f f e c t  
o f  pack we igh t  w i t h i n  g a i t  i s  a s i g n i f i c a n t l y  lower l ocomot i ve  index d u r i n g  
runn ing  (p<O.Ol) f o r  t h e  h e a v i e r  pack. A l s o  t h e r e  was no s t a t i s t i c a l l y  s i g -  
n i f i c a n t  e f f e c t  o f  pack we igh t  on locomot ive  index as a f u n c t i o n  o f  g a i t ,  
except  a t  6 km/hr where a s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t  i s  observed between 
t h e  w a l k  and lope g a i t s  w i t h  t h e  240- and 400- lb  packs. 
The o n l y  s i g n i f i c a n t  e f f e c t  o f  pack we igh t  on s t e p  r a t e  was no ted  f o r  t h e  
l o p i n g  g a i t ,  i n  which t h e  240- lb  pack produced a s y s t e m a t i c a l l y  (p>O.OI) lower  
s t e p  r a t e  than was observed f o r  t h e  7 5 - l b  pack. T h i s  e f f e c t  i s  r e f l e c t e d  i n  
s t r i d e  l e n g t h  where aga in  t h e  o n l y  e f f e c t  o f  pack we igh t  was t o  a f f e c t  t h e  
l o p i n g  s t r i d e  l e n g t h  by  an i nc rease  f o r  t he  240- lb  pack ove r  t h a t  o b t a i n e d  
w i t h  t h e  7 5 - l b  pack. A s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t  between pack and v e l o -  
c i t y  was a l s o  observed f o r  t h e  l o p i n g  g a i t ,  which i n d i c a t e s  t h a t  t h e  e x t e n t  o f  
t h e  e f f e c t  o f  pack we igh t  on s t r i d e  l e n g t h  i s  a l t e r e d  by v e l o c i t y  ( p q . 0 1 ) .  
The locomot i ve  k i n e m a t i c  parameters f o r  t h e  TOSS s i m u l a t o r  a r e  p l o t t e d  
as a f u n c t i o n  o f  v e l o c i t y  i n  F i g u r e  31 .  V e l o c i t y  has a s i g n i f i c a n t  e f f e c t  
on each o f  t h e  dependent parameters f o r  each o f  t h e  t h r e e  g a i t s  ( p Q . 0 1 ) .  I n  
a d d i t i o n ,  t h e  d i f f e r e n c e s  e x h i b i t e d  between each o f  t h e  g a i t s  a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t  ( p q . 0 1 ) .  I t  shou ld  be noted, however, t h a t  t h e  runn ing  s t r i d e  
l e n g t h  and locomot i ve  index appear t o  be s imp le  e x t e n s i o n s  o f  t h e  w a l k i n g  da ta .  
T h i s  i s  p robab ly  due t o  t h e  e l i m i n a t i o n  o f  w a l k i n g  i n  t h e  s i m u l a t o r  a t  a v e l o -  
c i t y  somewhere between 2 and 6 km/hr. 
t h e  energy e x p e n d i t u r e  da ta .  
These o b s e r v a t i o n s  a c c u r a t e l y  r e f l e c t  
The e f f e c t s  o f  l u n a r  s u r f a c e  c o n d i t i o n s  on s t r i d e  length ,  s t e p  r a t e ,  and 
locomot ive  index a r e  shown as a f u n c t i o n  o f  v e l o c i t y  i n  F i g u r e  32. I n  genera l ,  
each o f  these parameters inc reases  w i t h  v e l o c i t y  f o r  t h e  s i m u l a t e d  smooth 
l u n a r  s u r f a c e  (p>O.OI). 
s t r i d e  l e n g t h  and locomot i ve  index  have a c u r v i l i n e a r  r e l a t i o n s h i p  w i t h  v e l o -  
c i t y .  T h i s  i n t e r a c t i o n  e f f e c t  i s  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  b o t h  parameters 
( p X . 0 5 ) .  I n  a d d i t i o n ,  t h e  main e f f e c t  o f  t h i s  s u r f a c e  on a l l  t h r e e  parameters 
i s  a s i g n i f i c a n t  i nc rease  i n  va lues  as v e l o c i t y  inc reases  ( ~ 0 . 0 1 ) .  
Wi th  t h e  s i m u l a t e d  coarse l u n a r  sur face ,  however, 
F igu res  338 and 34 p r o v i d e  comparisons o f  t h e  da ta  c o l l e c t e d  for  h o r i z o n t a l  
locomot ion  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r s  w i t h  s u b j e c t s  i n  p r e s s u r i z e d  s u i t s  
and i n  m u f t i .  F i g u r e s  35 and 36, on t h e  o t h e r  hand, compare t h e  da ta  on sub- 
j e c t s  descending 7.5-deg and 15-deg s lopes .  These f i g u r e s  a l s o  p resen t  com- 
pa r i sons  between t h e  d i f f e r e n t  types  o f  s i m u l a t o r s  employed. 
correspondence between s i m u l a t o r s  i s  good; however, t h e  d i f f e r e n c e s  between 
s i m u l a t o r s  a r e  emphasized by i n c r e a s i n g  s lopes .  
I n  genera l ,  
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Summary of Observa t ions  on Locomot ive/ Index,  
Step Rate, and S t r i d e  Length  
The da ta  d e s c r i b e d  he re  a r e  t y p i c a l  o f  t h e  o b s e r v a t i o n s  made d u r i n g  t h i s  
program. The o b s e r v a t i o n s  on l ocomot i ve  index, s t e p  ra te ,  and s t r i d e  l e n g t h  
may be summarized as f o l l o w s :  




5 .  
6. 
I n  genera l ,  t h e  va lues  o f  s t r i d e  length ,  s t e p  r a t e ,  and locomot ive  index 
7 i nc rease  as v e l o c i t y  inc reases .  
The walk ,  lope, and run  g a i t s  a r e  d e f i n i t e l y  d i s t i n c t  i n  terms o f  locomo- 
t i v e  index.  Genera l l y ,  t h e  p r o b a b i l i t y  o f  d i s t i n g u i s h i n g  g a i t  i n  terms 
o f  ‘Tl i s  p>0.90. Mean va lues  o f  7 f o r  t he  h o r i z o n t a l  i n c l i n e d - p l a n e  
s i m u l a t o r  a t  v e l o c i t i e s  l e s s  than 8 km/hr ranged from 0.625 t o  1.16 
f o r  wa lk ing ,  3 .49 t o  3.68 f o r  running,  and 6.83 t o  6.90 f o r  l o p i n g .  On 
t h e  TOSS s i m u l a t o r  these va lues  ranged f rom 0.77 t o  1.09 f o r  wa lk ing ,  
1.14 t o  2.53 f o r  runn inq ,  and 5.56 t o  7.67 f o r  l o p i n g .  I n  t h i s  s i m u l a t o r ,  
l o p i n g  i s  d i s t i n c t  f rom e i t h e r  w a l k i n g  o r  runn ing .  Walk ing phases i n t o  
runn ing  between 4 and 6 km/hr. Walk ing  i n  the  TOSS s i m u l a t o r  i s  n o t  
t he  same as i n  the  i n c l i n e d  p lane.  The i n c l  ined-p lane s i m u l a t o r  p r o v i d e s  
freedom f o r  the  s u b j e c t  t o  p i t c h ,  t o  wa lk  fo rward  and backward, and t o  
d i s p l a c e  h i m s e l f  v e r t i c a l l y .  No freedom i s  a l l owed  f o r  moving f rom s i d e  
t o  s i d e  o r  f o r  r o l l  and yaw mot ions .  The suspension i s  such t h a t  t he  
d i s t a n c e  between the  f e e t  i s  r e l a t i v e l y  f i x e d .  T h i s  makes i t  p o s s i b l e  
f o r  the  s u b j e c t  t o  m a i n t a i n  a d e s i r e d  l e g  p o s i t i o n  w i t h o u t  e x e r t i n g  mus- 
c u l a r  f o r c e s .  Sub jec ts  i n  the  T O S S  s i m u l a t o r  d i d  n o t  have t h i s  advantage. 
On t h e  f a s t e r  lope  v e l o c i t i e s ,  i t  was necessary f o r  the  s u b j e c t  t o  ex tend 
the  f o o t  as f a r  f o rward  as p o s s i b l e  when coming down o n t o  the t r e a d m i l l  
su r face .  To ach ieve  t h i s ,  i t  was a l s o  necessary t o  use t h e  t h i g h  muscles 
t o  h o l d  the  s u i t  legs  c l o s e r  toge the r .  T h i s  a c t i o n  was t i r i n g  and some- 
t imes p a i n f u l .  For  one sub jec t ,  h e a r t  r a t e  inc reased more than 20 bea ts /  
m in  f o r  s t a n d i n g  w i t h  legs  h e l d  together ,  as compared t o  s t a n d i n g  r e l a x e d  
w i t h  the  l egs  a p a r t .  The p r e f e r r e d  g a i t  f o r  s u b j e c t s  i n  the T O S S  simula- 
t o r  i n c l u d e d  a yaw mot ion  w h i l e  w a l k i n g  and runn ing .  The yaw a c t i o n  
reduces t h e  p e r i o d  d u r i n g  wh ich  b o t h  f e e t  can be on the  s u r f a c e  a t  the  
same t ime.  
The s u b j e c t s  encountered  d i f f i c u l t y  i n  o b t a i n i n g  a c o n s i s t e n t  g a i t  f o r  
t h e  6-km/hr lope and t h e  8-km/hr run, i n d i c a t i n g  t h a t  these v e l o c i t i e s  
may have been somewhat low f o r  t he  g a i t s .  
Heavy pack loads reduce t h e  v a r i a n c e  i n  k i n e m a t i c  parameters and may w e l l  
a i d  s t a b i l i t y  d u r i n g  locomot ion  under  l u n a r  g r a v i t y  c o n d i t i o n s .  
T r e a d m i l l  and walkway k i n e m a t i c  da ta  a r e  q u i t e  s i m i l a r  f o r  t h e  i n c l i n e d -  
p lane  techn ique  o f  S i m u l a t i o n .  
K inemat i c  da ta  a r e  a l s o  s i m i l a r  f o r  t h e  i n c l i n e d - p l a n e  and t h e  TOSS simu- 
l a t o r s  a t  v e l o c i t i e s  under 6 km/hr. 
7 .  S t r i d e  l eng ths  f o r  w a l k i n g  and runn ing  i n  t h e  TOSS s i m u l a t o r  appear t o  
i nc rease  a lmost  l i n e a r l y  w i t h  v e l o c i t y .  The s t r i d e  l eng ths  f o r  t h e  l o p i n g  
g a i t  show t h e  same e f f e c t ,  o n l y  much g r e a t e r .  S t r i d e  l e n g t h  i s  cons i s -  
t e n t l y  l ess  f o r  w a l k i n g  and runn ing  i n  t h e  TOSS s i m u l a t o r  than f o r  those 
g a i t s  w i t h  t h e  i n c l i n e d - p l a n e  s i m u l a t o r .  For l op ing ,  s t r i d e  l e n g t h  i s  
g r e a t e r  i n  t h e  TOSS s i m u l a t o r  than i n  t h e  i n c l i n e d  p lane.  
8. I n  comparing t h e  s t e p  r a t e  curves  w i t h  t h e  l ocomot i ve  index curves, a 
c o n s i s t e n t  r e l a t i o n s h i p  o f  dec reas ing  s t e p  r a t e  w i t h  i n c r e a s i n g  locomo- 
t i v e  index w i t h i n  v e l o c i t y  and pack i s  shown. For  example, t h e  compar i -  
son o f  t h e  locomot ive  indexes f o r  t h e  d i f f e r e n t  g a i t s  a t  the  8-km/hr 
v e l o c i t y  show t h e  w a l k i n g  g a i t  as t h e  lowest ,  f o l l o w e d  by t h e  runn ing  
g a i t ,  w i t h  the  l o p i n g  g a i t  as t h e  h i g h e s t .  The p l o t t e d  s t e p  r a t e s  f o r  
t h e  8-km/hr v e l o c i t y  show t h e  l o p i n g  g a i t  as t h e  l o w e i t  s t e p  ra te ,  f o l -  
lowed by running,  w i t h  t h e  w a l k i n g  g a i t  as t h e  h i g h e s t .  T h i s  r e l a t i o n -  
s h i p  i s  a l s o  brought  o u t  by comparison o f  t he  g a i t  curves across  a l l  t h e  
v e l o c i t i e s .  The two h i g h e s t  locomot ive  indexes f o r  s u i t e d  s u b j e c t s  l op -  
i n g  w i t h  7 5 - l b  packs occur  a t  6 and 11.8  km/hr, w i t h  the  lowest  o c c u r r i n g  
a t  8 km/hr. The two lowest  s tep  r a t e s  f o r  s u i t e d  s u b j e c t s  l o p i n g  w i t h  
75-lb packs occur a t  6 and 11.3 krn/hr, w i t h  the  h i g h e s t  o c c u r r i n g  a t  
8 km/hr. 
9 .  Comparison o f  t h e  w a l k i n g  da ta  f o r  the  two s i m u l a t o r s  shows t h a t  s tep  
r a t e s  are  h i g h e r  and s t r i d e  l e n g t h s  a re  lower  f o r  t he  TOSS s i m u l a t o r .  
I O .  Locomot ive index, s t e p  r a t e ,  and s t r i d e  l e n g t h  inc reased w i t h  v e l o c i t y  
f o r  t h e  s i m u l a t e d  smooth l u n a r  s o i l  c o n d i t i o n .  T h i s  was a l s o  t h e  case 
f o r  t h e  coarse l u n a r  s o i l  c o n d i t i o n ,  w i t h  t h e  e x c e p t i o n  o f  t h e  l ocomot i ve  
index  and s t r i d e  l e n g t h  a t  t he  8-km/hr v e l o c i t y .  A t  t h i s  v e l o c i t y ,  i t  
was necessary t o  i nc rease  t h e  s t e p  r a t e  t o  improve s t a b i l i t y  a f t e r  s t e p -  
p i n g  on the  rocks .  The curves  f o r  t h e  smooth l u n a r  so i  1 c o n d i t i o n  a r e  
a lmost  l i n e a r .  When compared t o  t h e  da ta  f o r  t he  smooth l u n a r  s o i l ,  t h e  
l ocomot i ve  index and s t r i d e  l e n g t h s  were g r e a t e r  f o r  t he  coarse s o i l  con- 
d i t i o n  a t  a l l  v e l o c i t i e s ,  and s t e p  r a t e s  were lower .  
1 1 .  On t h e  TOSS s i m u l a t o r ,  t h e  s t e p  r a t e  i s  g r e a t e r  f o r  t h e  h a r d  s u r f a c e  than 
f o r  t h e  s i m u l a t e d  smooth l una r  s o i l  and becomes i n c r e a s i n g l y  g r e a t e r  as 
v e l o c i t y  inc reases .  T h i s  e f f e c t  may be due t o  t h e  decreased t r a c t i o n  on 
t h e  smooth l u n a r  s o i l ,  w i t h  i n c r e a s i n g  v e l o c i t y  as a f u n c t i o n  o f  t h e  
shear ing  o f  t h e  s o i l .  Sensory feedback as t o  when t h e  f o o t  has touched 
t h e  s u r f a c e  a r i s e s  sooner when s t e p p i n g  on a h a r d  s u r f a c e  than when s tep -  
p i n g  on a y i e l d i n g  s u r f a c e .  The shear s t r e n g t h  o f  t h e  s o i l  p rov ides  t h e  
s u b j e c t  poor t r a c t i o n  w i t h  lowered feedback a t  t h e  h i g h e r  v e l o c i t i e s ;  
consequent ly ,  t h e  t i m e  taken t o  end one s t e p  and s t a r t  another  increases,  
r e s u l t i n g  i n  a decreased s t e p  r a t e .  The depth  o f  p e n e t r a t i o n  i n t o  t h e  
s o i l  inc reases  t h e  d u r a t i o n  o f  a p p l i c a t i o n  o f  bo th  d e c e l e r a t i n g  and a c c e l -  
e r a t i n g  f o r c e s  by t h e  f o o t .  The p e n e t r a t i o n  o f  t h e  f o o t  i n t o  t h e  s o i l  
makes i t  d i f f i c u l t  t o  de termine f rom pho tog raph ic  data, e x a c t l y  when t h e  
f o o t  l e f t  t h e  su r face .  T h i s  p robab ly  r e s u l t e d  i n  some e r r o r s  i n  d a t a  
reduc t  i o n .  
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12. Values o f  locomot 
i d e n t i c a l  f o r  t h e  
ve index, s t e p  r a t e ,  and s t r  
s h i  r t - s l e e v e  and p r e s s u r i z e d  
Body P o s i t i o n  Data 
F i q u r e  37 compares s t r i d e  l e n g t h  and s t e p  r a t e  - 
j e c t  s -  w i thou t 
s u b j e c t s  i n  p 
t h e  number o f  
de l e n g t h  a r e  a lmost  
s u i t  c o n d i t i o n s .  
between programs f o r  sub- 
p r e s s u r e  s u i t s ,  and F i g u r e  38 p r o v i d e s  comparisons o f  t e s t s  w i t h  
mressurized s u i t s .  I t  can be seen f rom these f i g u r e s  t h a t  a l t h o u g h  
compara t ive  t e s t  c o n d i t i o n s  between programs a r e  few, these 
parameters show s u b s t a n t i a l  c o n s i s t e n c y  among t h e  d i f f e r e n t  programs. 
b ’  
Other  k i n e m a t i c  d a t a  measured d u r i n g  t h i s  program were back a n g l e  6 
h i p  a n g l e  6 and knee a n g l e  6 These ang les  a r e  d e f i n e d  by F i g u r e  39. The 
r e l i a b i l i t y  o f  t h e  back a n g l e  and h i p  a n g l e  measurements were de termined by 
t e s t - r e t e s t  techn iques  and were found t o  be 0.86 and 0.79, r e s p e c t i v e l y .  The 
a b i l i t y  o f  these measurements t o  d i s c r i m i n a t e  between t h e  t e s t  c o n d i t i o n s  i s  
i n  t h e  same sequence. A l l  o f  t h e  k i n e m a t i c  d a t a  on body ang les  r e v e a l  changes 
w i t h  i n c r e a s i n g  s lopes .  
h ’  k ’  
F i g u r e  40 i l l u s t r a t e s  t h e  mean back ang les  observed f o r  h o r i z o n t a l  l o c o -  
m o t i o n  and f o r  ascending and descending s lopes .  I t  can a l s o  be seen t h a t  
l i t t l e  d i f f e r e n c e  i s  e x h i b i t e d  i n  back ang le  between s i m u l a t o r s .  F i g u r e s  41 
and 42 p r e s e n t  s i m i l a r  d a t a  f o r  h i p  a n g l e  6 and knee a n g l e  6 
k ’  h 
Summary o f  Observa t ions  on Body Angles 
The o b s e r v a t i o n s  made on body p o s i t i o n s  d u r i n g  t h i s  program may be sum- 
m a r i z e d  as f o l l o w s :  
I .  There i s  no  s i g n i f i c a n t  change i n  back an 
f o r  h o r i z o n t a l  locomot ion .  
2. The t y p e  o f  g a i t ,  however, does i n f l u e n c e  
c rease i n  back ang le  between t h e  w a l k  and 
and lope g a i t s  on t h e  i n c l i n e d - p l a n e  simu 
f o r  a l l  g a i t s  i n  t h e  T O S S  s i m u l a t o r .  
l e  6b w i t h  v e l o c i t y  changes 
back a n g l e .  There i s  an i n -  
r u n  g a i t s  and between t h e  w a l k  
a t o r .  Back a n g l e  i s  d i f f e r e n t  
3. When t h e  240- lb  pack i s  s u b s t i t u t e d  f o r  t h e  7 5 - l b  pack, back ang le  does 
n o t  change f o r  w a l k i n g  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r ,  b u t  does i n c r e a s e  
w i t h  lope and run  g a i t s .  Back a n g l e  inc reases  f o r  a l l  g a i t s  when t h e  
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Cond i t i  ons : 
l n c l  i ned  p l a n e  
Su i ted ,  p r e s s u r i z e d  
Hard sur face ,  h o r i z o n t a l  
Walk ing  
El- G a r r e t t  (NAS 1-70531, 
pack I (75  I b )  



















krn/ h r 
I I I I I 
0 .56 1 . 1 1  1.67 2 .22  
V e l o c i t y ,  m/sec 
0 2 4 6 8 
krn/ h r 
I I I I 1 
0 0.56 1 . 1 1  1.67 2 .22  
V e l o c i t y ,  m/sec 
5 -4274 1 
F i g u r e  38. Comparison o f  S t r i d e  Length and Step Rate 
Between Programs, w i t h  P ressu r i zed  S u i t s  
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Back angle, 'b 
H i p  angle, 6 h  
Knee angle, 'k 
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9 .  
I O .  
I I .  
Back ang le  inc reases  f o r  s i m u l a t e d  l u n a r  s o i l  c o n d i t i o n s  as compared t o  
t h e  h a r d  s u r f a c e  w i t h  t h e  h o r i z o n t a l  TOSS s i m u l a t o r .  There i s  no d i f -  
fe rence i n  back a n g l e  between t h e  two types  o f  s i m u l a t e d  l u n a r  sur faces .  
Whether ascending o r  descending a 7.5-deg s l o p e  i n  t h e  TOSS s i m u l a t o r ,  
no d i f f e r e n c e s  o c c u r r e d  i n  back ang le  f o r  e i t h e r  t h e  h a r d  s u r f a c e  o r  t h e  
s i m u l a t e d  smooth l u n a r  s u r f a c e .  For  a 15-deg s lope,  a s i g n i f i c a n t l y  
lower  back ang le  was observed on t h e  h a r d  s u r f a c e  t h a n  on t h e  s i m u l a t e d  
smooth l u n a r  s u r f a c e .  The d a t a  on 15-deg ascending are i n s u f f i c i e n t  f o r  
comparisons between h a r d  s u r f a c e  and s i m u l a t e d  l u n a r  s o i l  c o n d i t i o n s .  
The o n l y  d i f f e r e n c e  i n  back a n g l e  between t h e  i n c l i n e d - p l a n e  and t h e  TOSS 
s i m u l a t o r s  on a h o r i z o n t a l  h a r d  s u r f a c e  occurs  d u r i n g  t h e  run  g a i t ,  where 
back a n g l e  i s  lower  i n  t h e  TOSS s i m u l a t o r .  F o r  7 . 5 ~ d e g  ascent,  however, 
a lower  back a n g l e  i s  e x h i b i t e d  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r  t h a n  w i t h  
t h e  TOSS s i m u l a t o r .  For  a 15-deg s lope,  t h e r e  i s  no d i f f e r e n c e  between 
s i m u l a t o r s  w h i l e  ascending.  There i s  i n s u f f i c i e n t  d a t a  f o r  30-deg ascend- 
i n g  TOSS s i m u l a t o r  t o  a l l o w  comparisons. Back a n g l e  i s  s i g n i f i c a n t l y  
h i g h e r  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r  than w i t h  t h e  TOSS s i m u l a t o r  f o r  
d e i c e n d i n g  7.5-  , 15- , and 30-deg s lopes,  because t h e  
f a r t h e r  back f rom v e r t i c a l  i n  t h e  TOSS s i m u l a t o r  t h a n  
p lane.  
Back a n g l e  i s  h i g h e r  f o r  a l l  c o n d i t i o n s  when ascending 
ing.  
s u b j e c t s  leaned 
n t h e  i n c l i n e d  
t h a n  when descend- 
H i p  a n g l e  6h i s  n o t  g r e a t l y  i n f l u e n c e d  by v e l o c i t y  d u r  ng h o r i z o n t a l  
locomot ion .  Ascending s lopes,  however, inc rease h i p  a n g l e  as v e l o c i t y  
increases,  b u t  descending s l o p e s  do n o t  a f f e c t  i t .  
U s i n g  t h e  i n c l i n e d - p l a n e  s i m u l a t o r ,  t h e  o n l y  i n f l u e n c e  o f  g a i t  on h i p  
a n g l e  was seen w i t h  t h e  h e a v i e r  packs, e s p e c i a l l y  i n  t h e  r u n  and l o p e  
modes where t h e  h i p  a n g l e  was h i g h e r  t h a n  w i t h  t h e  7 5 - l b  pack. W i t h  t h e  
TOSS s i m u l a t o r  and a h a r d  sur face ,  t h e  lope g a i t  produced a h i g h e r  h i p  
a n g l e  than d i d  t h e  r u n  g a i t .  
W i t h  t h e  TOSS s i m u l a t o r  and l u n a r  s o i l  c o n d i t i o n s ,  an i n c r e a s e  i n  h i p  
a n g l e  was seen as v e l o c i t y  inc reased.  There was no  d i f f e r e n c e  between 
t h e  l u n a r  sur faces  and t h e  h a r d  s u r f a c e  o r  between t h e  two t y p e s  o f  l u n a r  
s u r f  aces. 
D u r i n g  ascent  a t  7.5 deg, t h e  i n c l i n e d - p l a n e  s i m u l a t o r  produced a lower  
h i p  a n g l e  t h a n  d i d  the  T O S S  s i m u l a t o r .  There was no d i f f e r e n c e  between 
t h e  s i m u l a t o r s  d u r i n g  a s c e n t  a t  15 and 30 deg. The e f f e c t s  were r e v e r s e d  
d u r i n g  descent,  and t h e  i n c l i n e d - p l a n e  d a t a  showed higher h i p  a n g l e s  a t  a l l  
s lopes  t h a n  d i d  t h e  TOSS d a t a .  
Knee a n g l e  i s  u n a f f e c t e d  by  v e l o c i t y  d u r i n g  runs on t h e  h o r i z o n t a l  h a r d  
s u r f a c e  w i t h  e i t h e r  s i m u l a t o r .  D u r i n g  ascent  a t  7 .5  and 15 deg, however, 
knee ang le  inc reased w i t h  v e l o c i t y ,  and t h e  i n c l i n e d - p l a n e  s i m u l a t o r  
showed g r e a t e r  v a l u e s  o f  knee a n g l e  d u r i n g  t h e  descending s l o p e  t e s t s  
t h a n  d i d  t h e  TOSS s i r n u l a t o r ;  b u t  n e i t h e r  system tended t o  show changes 
i n  knee a n g l e  w i t h  changes i n  v e l o c i t y  d u r i n g  descent .  
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12. On a h o r i z o n t a l  h a r d  s u r f a c e  w i t h  t h e  T O S S  s i m u l a t o r ,  
i n  knee a n g l e  a s s o c i a t e d  w i t h  g a i t .  On t h e  i n c l i n e d - p  
t h e r e  i s  a s i g n i f i c a n t  i n c r e a s e  i n  knee a n g l e  w i t h  t h e  
w a l k  g a i t s .  
he r e  
ane s 
lope, 
s no change 
mula tor ,  
run, and 
13. Each h e a v i e r  pack produced a lower  knee ang le .  
14. W i t h  t h e  two l u n a r  sur faces ,  a v e l o c i t y  e f f e c t  i s  n o t e d  on knee angle,  
b u t  t h e r e  i s  no d i f f e r e n c e  between t h e  two types  o f  s o i l  c o n d i t i o n s .  
15. The i n c l i n e d - p l a n e  s i m u l a t o r  produces h i g h e r  knee ang les  a t  a l l  v e l o c i -  
t i e s  t h a n  does t h e  TOSS s i m u l a t o r  w i t h  a h a r d  s u r f a c e  o r  smooth l u n a r  
s o i  1 .  
16. I n c r e a s e d  s l o p e  increases  knee a n g l e  d u r i n g  descent  and decreases knee 
a n g l e  d g r i n g  ascent .  
RANGE PROJ ECTI ONS 
The p r e d i c t i o n  o f  range c a p a b i l i t i e s  f o r  men w a l k i n g  on t h e  l u n a r  s u r f a c e  
has been t h o r o u g h l y  t r e a t e d  by D .  E. Hewes i n  NASA TN D-3934, A n a l y s i s  o f  
Self-Locomot i v e  Performance o f  Lunar E x p l o r e r s  Based on Exper imenta l  Reduced 
G r a v i t y  Studies,  May 1967 (Reference 3 ) .  Hewes developed t h e  concept o f  
range f a c t o r  as equa l  t o  V / Q  x 1000 where V = v e l o c i t y  and Q = m e t a b o l i c  r a t e .  
Computat ion o f  range f a c t o r s  f o r  t h e  Gemini s u i t  a t  E a r t h  g r a v i t y  and a t  l u n a r  
g r a v i t y  w i t h  a s i m u l a t e d  l u n a r  s o i l  i s  i l l u s t r a t e d  i n  F i g u r e  43 .  The sub- 
s t a n t i a l  i n c r e a s e  i n  d i s t a n c e  ach ieved on t h e  l u n a r  s u r f a c e  per  u n i t  energy 
e x p e n d i t u r e  o v e r  t h a t  observed under E a r t h  g r a v i t y  c o n d i t i o n s  i s  r e a d i l y  
apparent .  
I f  t h e  r e s u l t s  of t h e  c u r r e n t  program a r e  e x t r a p o l a t e d  t o  h y p o t h e t i c a l  
o p e r a t i o n a l  s i t u a t i o n s ,  some i n t e r e s t i n g  o b s e r v a t i o n s  can be made. To do t h i s ,  
however, i t  i s  necessary t o  l o o k  a t  t h e  c o n s t r a i n t s  f o r  locomot ion  on t h e  l u n a r  
s u r f a c e  imposed by  a p o r t a b l e  env i ronmenta l  c o n t r o l  system ( E C S ) .  Approx imate 
v a l u e s  f o r  t o t a l  metabol  i c  c a p a c i t y  ( t o t a l  oxygen s u p p l y  and t o t a l  h e a t  r e j e c -  
t i o n  c a p a b i l i t y )  f o r  two c a n d i d a t e  systems a r e  1200 k c a l  (4750 B t u )  and 2000 
k c a l  (7900 B t u ) .  I n  a d d i t i o n , t h e  c u r r e n t  p r a c t i c a l  maximum r a t e  o f  h e a t  
removal f r o m  a space s u i t  i s  a p p r o x i m a t e l y  500 k c a l / h r  (1999 B t u / h r ) .  The 
assumed v a l u e s  f o r  these c o n s t r a i n t s  can be a p p l i e d  t o  t h e  e x p e r i m e n t a l  d a t a  
t o  a s c e r t a i n  b o t h  t h e  range l i m i t  f o r  s e l f - l o c o m o t i o n  and t h e  d u r a t i o n  " i n  
t h e  f i e l d "  as a f u n c t i o n  o f  t h e  v e l o c i t y  o f  locomot ion .  ' F i g u r e  44 i l l u s -  
t r a t e s  t h e  ranges t h a t  can be a c h i e v e d  w i t h  these two assumed E C S  pack capa- 
c i t i e s  as a f u n c t i o n  o f  v e l o c i t y .  I t  can be seen f rom F i g u r e  44 t h a t  beyond 
4 km/hr, range i s  o n l y  s l i g h t l y  a f f e c t e d  as v e l o c i t y  inc reases  t h r o u g h  8 km/hr. 
A t  8 km/hr, a range o f  15 km c o u l d  be ach ieved w i t h  t h e  1200-kcal  pack, and 
24 km c o u l d  be ach ieved w i t h  t h e  2000-kcal  pack. I f ,  however, t h e  heat  d i s s i -  
p a t i o n  f rom t h e  s u i t  was l i m i t e d  t o  500 k c a l  and l i t t l e  o r  no  h e a t  s t o r a g e  
by  t h e  a s t r o n a u t  was a l lowed,  t h e  range wou ld  become s u b s t a n t i a l l y  1 i m i t e d .  
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Gemin i  s u i t ,  p r e s s u r i z e d  
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F i g u r e  4 3 .  Range F a c t o r s  a t  E a r t h  G r a v i t y  and a t  Lunar  G r a v i t y ,  
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The ranges a c h i e v a b l e  f o r  t h e  two assumed pack c a p a c i t i e s  a r e  accompl i shed  
i n  d u r a t i o n s  t h a t  decrease w i t h  i n c r e a s i n g  v e l o c i t y  as shown i n  F i g u r e  45 
which  p lo t - s  t h e  maximum d u r a t i o n  f o r  w a l k i n g  on t h e  l u n a r  s u r f a c e  as a func -  
t i o n  o f  v e l o c i t y .  
I n  r e v i e w i n g  these  comments, i t  i s  emphasized t h a t  these d a t a  assume t h e  
use o f  a Gemini s u i t ,  t h a t  t h e  s u r f a c e  i s  h o r i z o n t a l  ( z e r o  grade) ,  and t h a t  
t h e  c h a r a c t e r i s t i c s  o f  t h e  l u n a r  s u r f a c e  a r e  q u i t e  s i m i l a r  t o  t h e  s i m u l a t e d  
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SECTION 5 
CONCLUSIONS 
I .  M e t a b o l i c  r a t e s  a re  lower d u r i n g  locomot ion  i n  s i m u l a t e d  l u n a r  
g r a v i t y  t han  a t  I g. The decrease i s  app rox ima te l y  30.5 pe rcen t  a t  2 km/hr 
and 64.6 pe rcen t  a t  8 krn/hr i n  m u f t i ,  and 51.1 pe rcen t  a t  2 km/hr and 37.9 
percent  a t  3 krn/hr i n  t h e  Gemini space s u i t .  
2 .  Energy c o s t  f o r  a l o p i n g  g a i t  i s  h i g h e r  than  f o r  e i t h e r  w a l k i n g  o r  
runn ing .  T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  f o r  s u b j e c t s  e i t h e r  w i t h  o r  w i t h o u t  
space s u i t s .  
3. The m e t a b o l i c  r a t e  f o r  
s u r f a c e  a t  any g i v e n  g a i t  and ve 
s t i t u t i o n  o f  240- o r  400 - lb  pack 
4. Fo r  s e l f - l o c o m o t i o n  on 
energy expend i tu res  range f rom 4 
kca l /m in  a t  8 !<m/hr. 
w a l k i n g  i n  a Gemini space s u i t  on a l e v e l  
o c i t y  w i t h  a 7 5 - l b  pack i s  unchanged by sub- 
we i ght  s .  
l e v e l  grades w i t h  a s i m u l a t e d  l u n a r  sur face ,  
35 k c a l / m i n  a t  a 2-km/hr v e l o c i t y  t o  12.28 
5. M e t a b o l i c  c o s t s  f o r  locomot ion  on a h o r i z o n t a l  l u n a r  s u r f a c e  i nc rease  
s h a r p l y  f o r  ascending s lopes :  36  percent  g r e a t e r  f o r  7.5-deg s lopes  and 88 
percent  f o r  15-deg s lopes .  M e t a b o l i c  c o s t s  f o r  descending these grades, ove r  
h o r i z o n t a l  locomot ion,  decrease by  29. I percent  (7 .5  deg) and 41.3 pe rcen t  
(15 deg). On ascend ing  o r  descending s lopes,  t h e  m e t a b o l i c  c o s t  f o r  c a r r y i n g  
a 240- lb  pack inc reases  over  t h a t  f o r  a 7 5 - l b  pack. 
6 .  Locomot ion on s i m u l a t e d  l u n a r  s o i l  inc reases  energy c o s t  ove r  t h a t  
r e q u i r e d  on a h a r d  s u r f a c e  ( i  .e. , normal t readmi  1 1  s u r f a c e )  f o r  h o r i z o n t a l  
wa lk ing ,  as w e l l  as f o r  ascending o r  descending s lopes .  
7. I n  the  w a l k i n g  o r  runn ing  g a i t s ,  t h e r e  a re  no d i f f e r e n c e s  i n  energy 
c o s t s  between t h e  3-deg-of - f reedom s i m u l a t o r  and t h e  6-deg-of - f reedom s imu la -  
t o r .  For  t h e  lope g a i t ,  h i g h e r  l e v e l s  o f  energy expend i tu re  occur  w i t h  t h e  
6-deg-of - f reedom s i m u l a t o r .  
8. The r a t i o  o f  oxygen repayment t o  t o t a l  oxygen c o s t  i s  r e l a t i v e l y  
cons tan t ,  rega rd less  o f  t e s t  c o n d i t i o n s  o r  l e v e l  o f  energy expend i tu re .  
9. The average energy e x p e n d i t u r e  r a t e  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  
ins tan taneous r a t e  o f  energy e x p e n d i t u r e  a t  t h e  end of any g i v e n  t e s t .  
I O .  Hear t  r a t e  and m e t a b o l i c  r a t e  a re  c o r r e l a t e d  R = 0.80; however, t h e  
s tandard  e r r o r  about t h e  r e g r e s s i o n  l i n e  i s  f1 .07 k c a l / m i n  (-514 B t u / h r ) .  
Consequently, t h e  95-percent  con f idence  i n t e r v a l  i s  f2.09 kca l /m in  (- f875 
B tu /h r  o r  1750 B t u / h r )  f o r  p r e d i c t i n g  energy e x p e n d i t u r e  f rom h e a r t  r a t e .  
1 1 .  I n  genera l ,  t h e  va lues  o f  s t e p  ra te ,  s t r i d e  length ,  and locomot i ve  
index  ( 7 )  i nc rease  as v e l o c i t y  inc reases .  
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12. When heavy packs a r e  c a r r i e d ,  t h e  v a r i a n c e  i n  k i n e m a t i c  parameters 
i s  reduced. 
13. T r e a d m i l l  and walkway k i n e m a t i c  d a t a  a r e  q u i t e  s i m i l a r  f o r  the  
i n c l i n e d - p l a n e  techn ique o f  s i m u l a t i o n .  
14. K i n e m a t i c  d a t a  a r e  s i m i l a r  f o r  b o t h  the  3-deg-of - f reedom and the  
6-deg-of - f reedom s i m u l a t i o n s  a t  v e l o c i t i e s  under  6 km/hr. 
15. Values o f  l o c o m o t i v e  index  ( v ) ,  s t e p  ra te ,  and s t r i d e  l e n g t h  a r e  
e s s e n t i a l l y  i d e n t i c a l  f o r  e i t h e r  s h i r t - s l e e v e  o r  p r e s s u r i z e d  s u i t  c o n d i t i o n s .  
16. There i s  no  s i g n i f i c a n t  change i n  back ang le  ( 6 b )  w i t h  v e l o c i t y  
changes f o r  h o r i z o n t a l  l o c o m o t i o n  on e i t h e r  s i m u l a t o r .  
17. The t y p e  o f  g a i t  does i n f l u e n c e  back a n g l e  ( 6 b ) .  Back ang le  
inc reases  between w a l k  and run and between w a l k  and lope on t h e  3-deg-of - f reedom 
s i m u l a t o r .  Back ang le  d i f f e r s  f o r  a l l  g a i t s  on t h e  6-deg-of - f reedom s i m u l a t o r .  
18. When t h e  240- lb  pack i s  s u b s t i t u t e d  f o r  t h e  7 5 - l b  pack, back ang le  
( 6 b )  does n o t  change w h i l e  w a l k i n g  on t h e  i n c l i n e d - p l a n e  s i m u l a t o r ,  b u t  does 
inc rease f o r  t h e  lope and r u n  g a i t s .  Back a n g l e  inc reases  f o r  a l l  g a i t s  
when t h e  4 0 0 - l b  pack i s  s u b s t i t u t e d  f o r  t h e  7 5 - l b  pack. 
19. Back ang le  ( 6 b )  f o r  h o r i z o n t a l  locomot ion  i s  g r e a t e r  f o r  l u n a r  s o i l  
c o n d i t i o n :  than f o r  h a r d  s u r f a c e s  and back a n g l e  (6b)  i s  g r e a t e r  f o r  ascend ing  
than f o r  descending s lopes  under  a1 1 c o n d i t i o n s .  
20. H i p  ang le  (Sh) i s  n o t  g r e a t l y  i n f l u e n c e d  by v e l o c i t y  on a h o r i z o n t a l  
s u r f a c e .  F o r  ascend ing  s lopes,  h i p  a n g l e  inc reases  as v e l o c i t y  increases.  
H i p  ang le  i s  n o t  a f f e c t e d  on descending s lopes .  
d i f f e r  between t h e , l u n a r  s u r f a c e s  and t h e  h a r d  s u r f a c e  o r  between t h e  two 
types  o f  l u n a r  s u r f a c e s .  
H i p  ang le  (6h)  does n o t  
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